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PREFACE 

SOON  after  xthe  appearance  of  my  Elementary  Lessons  in 
Heat,  Light,  and  Sound,  it  was  suggested  to  me  that  the  first 
two  parts  (Heat  and  Light)  might  with  advantage  be  enlarged 
and  published  separately  for  the  use  of  schools  and  junior 
classes  in  colleges.  The  rapid  sale  of  a  large  edition  has 
encouraged  me  to  do  this.  The  earlier  portions  have  been  to 
a  great  extent  re-written,  and  the  whole  has  been  carefully 
revised  :  but  the  general  plan  is  the  same  as  that  indicated  in 
the  following  extract  from  the  preface  to  the  more  elementary 
book  : — 

These  Lessons  are  intended  to  serve  the  purpose  of  introducing  beginners 
to  the  study  of  Experimental  Physics.  My  object  has  been,  not  only  to 
provide  a  certain  amount  of  useful  information,  but  also  to  give  an  idea  of 
the  methods  by  which  this  information  can  be  most  directly  obtained.  The 
course  has  therefore  been  made  experimental,  and  such  brief  instructions 
are  given  as  are  required  for  making  or  using  the  apparatus  and  carrying 
out  the  experiments.  I  have  repeatedly  tried  and  modified  each  experiment 
so  as  to  present  it  in  a  simple  form  and  avoid  the  more  usual  causes  of 
failure. 

I  am  well  aware  that  many  educational  authorities  hold  that  teachers  of 
science  (more  especially  in  schools)  should  confine  their  instruction  to  the 
principles  of  the  subject,  without  entering  into  details  of  manipulation  or 
methods  of  experiment.  To  the  teacher  who  aims  chiefly  at  getting 
'  results '  this  view  readily  recommends  itself :  it  saves  trouble  and  expense, 
and  enables  him  to  devote  more  time  to  laws  and  generalisations.  Un- 
fortunately the  results  thus  obtained  are  not  of  great  value.  A  schoolboy 
may  be  taught  to  repeat  glibly  certain  forms  of  words  respecting  the  con- 
servation of  energy  or  the  atomic  theory  ;  but,  until  he  has  acquired 
considerable  familiarity  with  the  behaviour  and  properties  of  bodies,  the 
words  convey  no  clear  idea  to  his  mind.  My  own  experience  in  teaching 
has  led  me  to  the  conclusion  that  students  who  come  to  college  with  an 
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elementary  knowledge  of  science  acquired  in  this  way  are  very  unsatisfactory 
material  to  work  with.  They  have  been  accustomed  to  get  their  knowledge 
at  second-hand  from  their  teacher  or  their  book  ;  and  they  find  an  experi- 
mental course  more  troublesome,  more  tedious,  and  apparently  more 
uncertain.  They  are  easily  discouraged  and  do  not  see  how  much  can  be 
learned  from  their  own  failures.  The  method  fails  to  bring  out  one  of  the 
chief  advantages  of  science  as  an  educational  subject — the  training  in  the 
habit  of  observation  and  of  learning  from  things  at  first-hand. 

In  the  methods  of  reasoning,  as  well  as  in  the  choice  of  words  and 
subject-matter,  I  have  earnestly  endeavoured  to  be  as  simple  and  clear  as 
possible.  But  I  have  made  no  attempt  to  shirk  the  necessary  difficulties 
that  even  the  beginner  must,  sooner  or  later,  meet.  There  still  remains 
much  truth  in  Rousseau's  words  :  '  Parmi  tant  d'admirables  me"thodes  pour 
abre"ger Te"tude  des  sciences,  nous  aurions  grand  besoin  que  quelqu'un  nous 
en  donnat  une  pour  les  apprendre  avec  effort.' 

The  paragraphs  in  the  book  which  are  printed  in  smaller 
type  may  be  omitted  on  the  first  reading  as  being  of  less 
importance  or  greater  difficulty.  The  questions  at  the  ends  of 
the  chapters  are  taken  partly  from  papers  set  at  the  Matricu- 
lation Examination  of  the  University  of  London  and  partly 
from  my  Examples  in  Physics 

My  warmest  thanks  are  again  due  to  Mr.  B.  B.  Skirrow, 
M.A.,  of  the  Mason  Science  College,  Birmingham,  for  his  kind 
advice  and  assistance  in  seeing  the  book  through  the  press. 

D.   E.  JONES. 

STAFFORD,  July  1892. 
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NOTE  ON  THE 
METRIC  SYSTEM  OF  WEIGHTS  &  MEASURES 


THE  weights  and  measures  used  in  this  book  are  for  the  most  part  those 
based  upon  the  French  or  Metric  System.  In  this  system  the  standard  of 
length  is  the  length  of  a  certain  bar  of  platinum 
preserved  in  Paris.  This  is  called  a  metre,  and  is  some- 
what more  than  a  yard  (39  -37  inches).  It  is  divided 
into  tenths,  hundredths,  and  thousandths,  which  are 
called  decimetres,  centimetres,  and  millimetres  respec- 
tively. Both  in  measuring  and  in  calculating  this  decimal 
method  of  division  is  much  more  convenient  than  our 
way  of  dividing  up  a  yard  into  3  feet,  each  equal  to  12 
inches  and  so  on.  We  shall  use  as  our  unit  of  length 
the  centimetre.  The  relation  between  the  centimetre  and 
the  inch  can  be  seen  from  the  accompanying  figure. 

The  unit  of  area  is  a  square  centimetre,  and  the  unit 
of  volume  a  cubic  centimetre  (commonly  abbreviated  into 
'  i  c.c. ').  The  volume  of  a  cubic  decimetre  is  called  a 
litre  :  since  i  decimetre  =10  centimetres,  it  follows  that 
a  litre  (or  cubic  decimetre)  contains  1000  c.c.  A  litre  is 
somewhat  more  than  a  pint  and  three-quarters. 

The  standard  of  weight — or  rather  of  mass — is  called 
a  kilogramme,  and  is  a  little  more  than  2^  Ibs.  It  is 
divided  into  1000  parts  called  grammes.  We  shall  use 
the  gramme  as  our  unit  of  mass. 

The  British  standard  pound  bears  no  simple  relation  to 
the  units  of  length  and  volume  used  in  this  country  ;  but 
the  original  standard  kilogramme  was  so  constructed  as 
to  have  a  mass  equal  to  that  of  a  cubic  decimetre  (or 
litre)  of  water  at  a  temperature  of  4°  Centigrade.  Thus 
i  c.c.  (one-thousandth  of  a  cubic  decimetre)  of  water  at 
4°  C.  weighs  exactly  one  gramme  (one-thousandth  of  a 
kilogramme). 


A  little  experience  will  show  the  student  how  con- 
venient it  is  to  have  a  definite  and  simple  relation 
between  the  unit  of  volume  and  the  unit  of  mass  :  he 
will  also  find  that  by  using  a  decimal  system  we  avoid  a 
number  of  troublesome  calculations,  such  as  those  re- 
quired for  reducing  miles  to  inches  and  pounds  to 
ounces.  The  system  is  now  generally  used  in  scientific 
books,  and  by  scientific  men  in  all  countries  :  hence  it  is 
advisable  that  the  student  should  acquire  some  acquaintance  with  it  at  as 
early  a  stage  as  possible. 
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HEAT 

CHAPTER   I 
SOURCES  AND  NATURE  OF  HEAT 

1.  Hot  and  Cold  Bodies. — When   we  stand    in  front 
of  a  fire  on  a  cold  day  we  experience  a  pleasant  sensation  of 
warmth.     The  same  sensation  is  produced,  in  a  more  or  less 
pleasant  degree,  when  we  touch  objects  in  the  neighbourhood 
of  the  fireplace  which  have  been   warmed  by   the   fire.     We 
attribute  the  sensation,  in  the  first  case   directly,   and  in  the 
second   case   indirectly,   to  the  heat  given  out  by  the  fire,  and 
objects  which  produce  this  feeling  when  we  touch  them  are 
said  to  be  hot.      Objects   which  have  not  been   warmed  by 
the  fire  will  generally  produce  a  sensation  of  an  opposite  kind, 
and  we  say  that  they  feel  cold.       In  ordinary    language   we 
frequently  use  the  same  word  to  denote  the  effect  produced 
and    the    cause   which    produces  it :    thus   we  speak    of  the 
sensation  of  heat.      Whatever  heat  may  be,  we  may  for  the 
present  regard  it  as  something  that  produces  in  us  the  sensa- 
tion of  warmth. 

2.  Sources  of  Heat. — Among  natural  sources  of  heat  the 
sun  is  the  most  important.      If  all  the  heat  which  our  earth 
receives  from  the  sun  were  retained  and  employed  in  melting 
ice,  it  would,  in  the  course  of  a  year,  be  sufficient  to  melt  a 
solid  layer  of  ice  I  oo  feet  thick  and  extending  all  over  the  globe. 

When  any  portion  of  the  surface  of  the  earth  is  withdrawn 
(as   during  the  night-time)  from  the  influence  of  the  sun,  it 


HEAT  CH.  I 


begins  to  cool ;  and  our  globe  would  become  as  uninhabitable 
as  the  polar  regions  if  we  were  deprived  of  the  sun  for  any 
great  length  of  time.  Its  heat  keeps  up  the  circulation  of  our 
atmosphere,  producing  gentle  breezes  as  well  as  violent  storms; 
by  the  constant  evaporation  which  it  causes  from  the  surface 
of  sea  and  ocean  we  are  supplied  with  rain  ;  to  its  genial 
warmth  we  owe  all  that  makes  animal  and  vegetable  life 
possible  upon  the  earth. 

Among  artificial  methods  of  producing  heat  the  following 
may  be  mentioned  : — 

(1)  In  our  fires,  stoves,  lamps,  and  gas-burners  we  produce 
heat  (and  light)  by  the  combustion  of  coal,  wood,  oil,  and  coal- 
gas. 

(2)  When  an  electric  current  passes  through  a  body  heat  is 
produced,  especially  if  the  body  is  one  which  offers  considerable 
resistance  to  the  passage  of  the  current. 

(3)  Heat   is   produced  whenever  the  motion  of  a  body  is 
resisted    or    stopped.       Thus    mechanical    friction    is    always 
accompanied  by  the  evolution  of  heat.     You  can  test  this  by 
rubbing  a  button  smartly  on  the  sleeve  of  your  coat  and  then 
applying  it  to  the  back  of  your  hand.      By  hammering  a  nail 
or  strip  of  lead  upon  an  anvil  it  can  be  made  so  hot  that  you 
can  scarcely  touch  it. 

When  a  bullet  strikes  against  an  iron  armour-plate  or  target 
a  flash  of  light  is  seen  ;  and  if  the  bullet  be  of  lead  it  is  often 
found  to  be  melted  by  the  heat  developed. 

That  heat  is  produced  by  the  rapid  compression  of  air  may 


be  shown  by  means  of  the  '  fire-syringe  '  (Fig.  i ).  This  con- 
sists of  a  stout  glass  tube,  closed  at  one  end  and  provided  with 
a  tightly -fitting  piston  of  leather  discs.  A  small  pellet  of 
cotton-wool  moistened  with  ether  or  carbon  bisulphide  is  intro- 
duced beforehand  into  the  tube.  The  closed  end  of  the  tube 
is  pressed  against  a  table  or  wall  (best  in  a  darkened  room)  : 
when  the  piston  is  pushed  smartly  down  so  much  heat  is 


2-3  SOURCES  AND  NATURE  OF  HEAT  3 

developed  that  the  inflammable  vapour  takes  fire  and  a  flash 
of  light  is  seen.  The  heating  effect  may  also  be  shown  by 
placing  in  the  cup  at  the  bottom  of  the  piston  a  small  quantity 
of  a  substance  which  easily  catches  fire  :  for  this  purpose  the 
yellow  tinder  or  *  cigar-cord '  sold  by  tobacconists  may  be 
used. 

3.  Heat  a  Form  of  Energy. — The  above  facts  show  that 
heat  is  easily  produced  by  mechanical  motion,  a  result  which 
is  sometimes  expressed  by  saying  that  heat  is  ca  mode  of 
motion.'  The  phrase  is  a  rather  loose  one  ;  and  in  order  to 
be  more  precise  it  may  be  well  to  remind  the  reader  of  certain 
definitions  in  mechanics. 

Work. — When  a  force  acts  upon  a  body  and  moves  it  in  the 
direction  of  the  force,  the  force  is  said  to  do  work  ^^pon  the  body. 

Energy. — The  energy  of  a  body  is  its  capacity  for  doing 
work. 

A  body  is  said  to  possess  potential  energy  when  it  is  able 
to  do  work  in  virtue  of  its  position.  A  raised  weight  (as  in  a 
clock)  and  a  head  of  water  are  examples  of  bodies  possessing 
potential  energy.  So  also  are  coiled  springs,  compressed  air, 
etc. ;  so  that  '  position '  must  here  be  held  to  include  change 
of  form  or  volume. 

A  body  is  said  to  possess  kinetic  energy  when  it  is  able  to 
do  work  in  virtue  of  its  motion.  Thus  the  wind  does  (useful) 
work  in  turning  the  sails  of  a  windmill ;  a  cannon-ball  does 
(destructive)  work  in  crashing  through  the  walls  of  a  fort. 

Now  in  the  first  place  it  is  clear  that  when  heat  is 
generated  by  friction,  work  is  first  done  in  overcoming  the 
friction.  When  air  is  compressed  in  a  fire-syringe  work  has 
to  be  done  in  forcing  the  piston  down  against  the  pressure 
exerted  by  the  enclosed  air.  The  energy  of  your  muscles 
enables  you  to  do  this  work,  and  the  result  of  this  expenditure 
of  energy  is  an  evolution  of  heat  in  the  compressed  air. 
Again,  when  heat  is  produced  by  hammering,  or  by  the 
impact  of  a  bullet  on  a  target,  the  appearance  of  the  heat 
is  always  preceded  by  the  disappearance  of  mechanical  energy  ; 
for  the  kinetic  energy  of  the  moving  body  (hammer  or  bullet) 
is  lost  as  such  when  the  body  is  brought  to  rest.  We  infer 
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from  the  above  facts  that  heat  can  be  generated  by  an  ex- 
penditure of  energy. 

Secondly,  we  know  that  heat  itself  may  be  used  as  a 
source  of  energy.  Later  on  we  shall  come  to  cases  in  which 
heat  is  directly  converted  into  mechanical  energy.  For  the 
present  it  will  suffice  to  refer  to  the  steam-engine  as  an  illus- 
tration on  a  large  scale  of  the  conversion  of  heat  into  useful 
mechanical  work. 

4.  We  have  good  reason  for  believing  that  there  are  two 
things  in  the  universe — matter  and  energy — which  are  in- 
destructible. Now  heat  is  not  a  form  of  matter,  for  it  does  not 
exhibit  the  ordinary  properties  of  matter.  A  hot  body  is  neither 
lighter  nor  heavier  than  the  same  body  when  cold.  But  since 
energy  can  be  converted  into  heat,  and  vice  versa,  it  appears 
reasonable  to  suppose  that  heat  is  only  another  form  of  energy. 
This  brings  us  to  a  third  point — When  mechanical  energy  is 
transformed  into  heat,  is  the  amount  of  heat  which  appears  pro- 
portional to  the  amount  of  mechanical  energy  which  disappears  ? 

Careful  experiments  made  by  Dr.  Joule  (of  Manchester) 
and  others  have  answered  this  question  -  in  the  affirmative. 
Whenever  work  is  transformed  into  heat,  or  heat  into  work, 
there  is  a  definite  and  constant  relation  between  the  amount  of 
the  one  which  disappears  and  of  the  other  which  reappears  in 
its  place.  We  have  thus  seen — 

1 i )  That  heat  can  be  generated  by  an  expenditure  of  energy. 

(2)  That  the  converse  holds  good — work  or  energy  can  be 
generated  from  heat. 

(3)  That  in  all  such  changes,  when  a  given  amount  of  the 
one  thing  disappears,  an  equivalent  amount  of  the  other  thing 
appears  in  its  place. 

From  these  facts  we  conclude  that  heat  is  itself  a  form  of 
energy.  The  form  which  this  assumes  in  a  hot  body  is  prob- 
ably that  of  molecular  kinetic  energy.  There  are  very  good 
reasons  for  believing  that  all  bodies  consist  of  minute  particles 
or  molecules  which  are  continually  in  a  state  of  rapid  though 
invisible  motion.  In  the  case  of  a  gas  each  molecule  probably 
moves  in  a  straight  line  until  its  motion  is  impeded  by  an  en- 
counter with  another  molecule  or  with  the  walls  of  the  vessel 
in  which  the  gas  is  contained.  The  molecules  of  a  liquid  are 
more  closely  crowded  together,  and  have  consequently  less 
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freedom  of  motion.  In  solids  the  motion  is  still  more  restricted  : 
we  must  picture  each  molecule  of  a  solid  as  vibrating  about 
a  fixed  point, — continually  in  a  state  of  agitation  but  never 
getting  more  than  a  very  small  distance  from  its  normal 
position.  In  all  three  states  of  matter — solid,  liquid,  and 
gaseous — the  effect  of  heat  is  to  increase  the  velocity  of  this 
molecular  motion,  and  hence  to  increase  the  sum-total  of  the 
kinetic  energy  of  the  molecules. 

5.  Gas-Burners. — Among  the  artificial  sources  of  heat 
mentioned  in  Art.  2,  the  most  convenient  for  laboratory  use 
and  for  experimental  purposes  generally  is  coal-gas.  This  is 
produced  by  the  destructive  distillation  of  coal,  and  consists 
mainly  of  hydrogen  and  other 
gases,  which  are  compounds  of 
hydrogen  with  carbon  (called 
hydrocarbons).  When  coal-gas 
burns  in  air,  the  hydrogen  unites 
with  the  oxygen  of  the  air, 
forming  water-vapour;  the  hy- 
drocarbons also  unite  with  the 
oxygen,  forming  carbon  dioxide 
(carbonic  acid  gas)  as  well  as 
water.  Hydrogen  combines 
more  energetically  with  oxygen 
than  carbon  does,  and  conse- 
quently, when  the  supply  of  air 
is  not  sufficient  for  complete 
combustion,  the  whole  of  the 
hydrogen  burns,  but  only  a  part 
of  the  carbon.  The  rest  of  the 
carbon  is  deposited  in  the  form  of  very  small  solid  particles  in 
the  flame.  This  is  what  happens  in  the  case  of  the  ordinary 
gas-jets  used  for  lighting  purposes,  and  it  is  to  the  presence  of 
the  white-hot  particles  of  solid  carbon  that  the  flame  owes  its 
luminosity.  These  particles  of  carbon  are  deposited  in  the 
form  of  soot  when  a  cold  body  is  held  in  a  luminous  or  smoky 
flame. 

A  more  perfect  combustion  of  the  gas  is  secured  by  allowing 
it  to  mix  with  a  certain  quantity  of  air  before  it  issues  from 
the  jet.  This  is  the  principle  of  the  burner  introduced  by 
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Professor  Bunsen  of  Heidelberg.  A  good  form  of  this  burner 
is  shown  in  Fig.  2.  The  gas  enters  by  the  horizontal  tube  at 
the  bottom,  and  escapes  through  a 
small  vertical  hole  into  the  mixing-tube. 
At  the  bottom  of  this  there  are  one  or 
more  small  holes  through  which  air  can 
enter,  and  the  admission  of  the  air  is 
regulated  by  means  of  a  revolving 
slider.  The  air  and  gas  mix  together 
in  the  vertical  tube,  and  when  the  in- 
flammable mixture  is  lighted  at  the  top, 
it  burns  with  an  intensely  hot  non- 
luminous  flame.  If  the  slider  at  the 
bottom  of  the  tube  is  turned  so  as  to 
close  the  air-holes,  the  flame  at  once 
becomes  smoky  and  luminous.  Another 
form  of  Bunsen  burner  is  shown  in  Fig.  3. 
In  this  the  top  of  the  mixing-tube  is 
covered  with  wire-gauze,  which  prevents 
the  flame  from  '  lighting  back '  (that  is, 
suddenly  travelling  down  the  mixing  -  tube),  and  makes  it 
possible  to  use  a  broader  and  shorter  flame.  In  Fig.  4  is 
shown  a  form  of  burner  in  which  the  mixing-tube  is  horizontal, 
and  the  gas  issues  from  a  circular  row  of  holes,  producing  a 
nearly  continuous  ring  of  flame  of  great  power  and  intensity. 
The  burner  is  combined  with  a  low  stand,  suitable  for  support- 
ing kettles,  etc. 
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CHAPTER    II 
EFFECTS  OF  HEAT— TEMPERATURE 

6.  The  Terms  '  Hot '  and  '  Cold.' — Let  us  now  consider 
more  closely  what  we  mean  by  the  terms  '  hot '  and  *  cold,' 
and  how  we  can  best  find  out  which  of  two  bodies  is  hotter 
than  the  other. 

You  will  perhaps  say  that  this  can  easily  be  found  out  by 
touching  each  of  them  with  the  hand  and  finding  out  which  of 
the  two  feels  the  hotter.  Now  try  this  in  a  room  heated 
artificially,  say  a  hothouse  which  is  heated  with  hot-water 
pipes.  The  pipes  themselves,  and  perhaps  the  objects  nearest 
to  them,  will  feel  very  hot,  and  we  may  naturally  assume  that 
they  are  really  hotter  than  other  objects.  But  these  latter 
produce  sensations  which  differ  among  themselves  in  a  sur- 
prising manner.  The  wooden  shelves  on  which  the  flower- 
pots are  arranged  do  not  appear  much  warmer  than  the  hand 
itself,  whereas  the  iron  brackets  on  which  they  are  supported 
feel  uncomfortably  hot  ;  a  piece  of  slate  or  iron  in  a  far 
corner  of  the  room  may  even  appear  hotter  to  the  hand  than  a 
wooden  shelf  just  above  the  heating  apparatus  or  a  strip  of 
matting  wound  round  the  pipes,  so  that  nearness  to  the  source 
of  heat  cannot  be  the  cause  of  the  difference  in  behaviour. 
Before  concluding  that  the  iron  and  slate  are  really  warmer 
than  the  wood  and  matting,  we  ought  to  extend  our  observa- 
tions and  examine  them  more  closely,  so  as  to  see  whether 
there  is  any  source  of  error. 

Try  a  cold  room  next,  say  an  ordinary  dwelling-room  on  a 
cold  day  and  without  any  fire.  Touch  the  various  articles  in 
the  room  as  you  walk  round,  and  note  the  sensations  which 
they  produce  in  the  hand.  The  table  and  chairs  appear  some- 
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what  cold,  the  mantelpiece  (if  of  slate  or  marble)  colder,  and 
the  fireplace  and  fire-irons  colder  still.  The  carpet  and  table- 
cloth scarcely  produce  any  sensation  of  cold  at  all,  and  if  you 
bury  your  hand  in  a  thick  soft  hearthrug  it  will  appear  warm 
to  the  touch  after  a  while.  The  naked  soles  of  the  feet,  which 
are  ordinarily  preserved  from  extremes  of  heat  and  cold  by 
stockings  and  leather  soles,  are  even  more  sensitive  than  the 
hands.  You  can  readily  test  this  by  drawing  a  hearthrug  near 
to  a  slate  or  tiled  hearth  and  standing  bare -foot  partly  on 
each  :  the  rug  scarcely  produces  any  sensation  of  cold,  but  the 
hearthstone  is  uncomfortably  cold,  and  the  floor  between 
slightly  cold.  And  in  this  case  we  have  no  good  reason  for 
believing  that  the  stone  is  really  colder  than  the  wood,  or 
the  wood  than  the  rug. 

7.  Conduction  of  Heat. — If  you  take  a  poker  and  push 
the  point  of  it  well  into  a  fire,  you  will  find  that  after  a  while 
the  handle  begins  to  get  warm ;  the  heat  travels  along  the 
poker  by  a  process  which  is  called  conduction.  You  can 
observe  the  same  thing  in  a  teaspoon  partly  immersed  in  hot 
water,  and  if  you  take  two  different  teaspoons — a  common  one 
made  of  Britannia  metal  and  a  silver  one — and  put  them  in  the 
same  cup  of  hot  water,  you  will  find  that  the  handle  of  the 
silver  spoon  gets  hot  more  quickly  than  the  other.  The  silver 
conducts  heat  more  rapidly  than  the  alloy,  or  is  said  to  be  a 
better  conductor.  Metals  are  generally  good  conductors  of 
heat,  and  stone,  slate,  and  marble  are  fairly  good ;  wood  is  a 
bad  conductor,  and  wool,  flannel,  and  fur  still  worse.  Now 
when  you  take  hold  of  a  warm  iron  rod,  heat  at  once  begins  to 
flow  from  the  hot  body  (the  iron)  to  the  colder  body  (your 
hand)  which  is  in  contact  with  it;  and,  since  iron  is  a  good 
conductor  of  heat,  there  is  also  a  rapid  flow  of  heat  from  all 
parts  of  the  rod  toward  that  part  which  is  cooled  by  contact 
with  the  hand.  Thus  there  is  a  rapid  transference  of  heat 
from  the  iron  to  your  hand  ;  your  hand  gets  warm  quickly 
and  you  say  that  the  iron  *  feels  hot.'  An  equally  hot  wooden 
rod  would  not  '  feel '  nearly  as  hot  to  the  hand :  wood  is  such 
a  bad  conductor  that  the  part  of  the  rod  first  cooled  by  contact  . 
with  the  hand  would  practically  remain  cool.  And  so  when 
you  touch  a  cold  body  ;  if  it  is  a  good  conductor,  iron  or  stone, 
heat  flows  from  your  hand  and  is  rapidly  conducted  away  into 
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colder  parts  of  the  body.  But  if  it  is  a  bad  conductor,  such 
as  flannel,  most  of  the  heat  taken  from  your  hand  remains  in 
the  part  of  the  flannel  which  is  in  contact  with  the  hand,  and 
so  it  soon  begins  to  feel  warm.  Thus  the  heat-sensation  which 
you  experience  when  you  touch  a  body  with  your  hand  depends 
not  only  upon  whether  the  body  is  hot  or  cold,  but  also  to  some 
extent  upon  its  conducting  power. 

8.  The  following  simple  experiment  shows  that  our  sensa- 
tions are  influenced  by  other  .variable  conditions  (such  as  the 
previous  state  of  the  hand),  so  that  we  cannot  always  depend 
upon  them  to  give  us  reliable  ideas  as  to  the  condition  of 
bodies. 

EXPT.  i. — Take  three  large  basins  and  fill  the  first  with  ice 
or  a  freezing  mixture  of  ice  and  salt.  Into  the  second  pour 
tap-water  or  water  slightly  warmed,  and  into  the  third  water  as 
hot  as  the  hand  can  bear.  Plunge  your  left  hand  into  the  ice 
and  your  right  into  the  hot  water  :  after  holding  them  there  for 
a  minute  or  two  put  both  hands  in  the  middle  basin.  The  water 
in  it  will  appear  cold  to  your  right  hand,  while,  at  the  same 
time,  it  feels  warm  to  the  left  hand. 

There  is  no  great  difficulty  in  explaining  this  apparent  con- 
tradiction. The  right  hand,  having  previously  been  held  in 
hot  water,  was  already  warmer  than  the  water  in  the  middle 
basin,  whereas  the  left  hand  was  much  colder  than  it.  The 
water  '  feels  cold '  to  the  right  hand  because  it  takes  away  heat 
from  the  hand  ;  it  '  feels  hot '  to  the  left  hand  because  it  gives 
up  heat  to  that  hand. 

Q.  Temperature. — Just  as  water  tends  to  flow  from  higher 
to  lower  levels,  so  does  heat  tend  to  flow  from  hotter  to  colder 
bodies.  That  which  we  call  '  level '  in  the  case  of  water  is 
called  'temperature'  in  the  case  of  heat.  It  is  important  that 
you  should  understand  exactly  what  this  term  temperature 
means.  It  is  not  the  same  as  heat.  We  have  seen  that 
although  heat  is  not  a  substance  it  is  something  (a  form  of 
energy)  which  can  be  transferred  from  one  body  to  another. 
Now  temperature  is  not  a  thing  at  all.  Nor  is  it  a  quality  of 
any  particular  body,  for  the  same  body  may  be  cold  at  one 
time  and  hot  at  another.  It  is  simply  a  state  or  condition 
of  a  body.  Temperature  is  sometimes  defined  as  being  '  the 
state  of  a  body  with  respect  to  sensible  heat ; '  but  we  had 
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better  from  the  outset  avoid  the  use  of  any  terms  which 
would  seem  to  indicate  that  there  are  different  kinds  of  heat. 

Returning  now  to  the  case  of  water,  let  us  suppose  that 
there  are  two  cisterns,  A  and  B,  which  are  placed  in  com- 
munication by  means  of  a  tube.  If  we  find  that  the  water 
flows  from  A  to  B,  we  say  that  A  is  at  a  higher  level  than  B. 
On  the  other  hand,  if  water  flows  from  B  to  A,  A  is  said  to  be 
at  a  lower  level  than  B.  Lastly,  if  there  is  no  flow  in  either 
direction,  we  say  that  the  level  of  the  water  is  the  same  in  both. 

Next,  suppose  that  two  bodies,  A  and  B,  are  placed  in  con- 
tact (or  in  thermal  communication).  If  we  find  that  heat  flows 
from  A  to  B,  we  say  that  A  is  at  a  higher  temperature  than  B. 
On  the  other  hand,  if  heat  flows  from  B  to  A,  A  is  said  to  be 
at  a  lower  temperature  than  B.  And  lastly,  if  there  is  no 
transference  of  heat  in  either  direction,  the  two  bodies  are 
said  to  be  at  the  same  temperature.  Thus  the  difference  of 
temperature  between  two  bodies  is  regarded  as  being  the 
difference  between  the  condition  of  the  two  bodies,  which 
results  in  a  flow  of  heat  from  one  body  to  the  other.  We  are 
thus  led  to  the  following  definition  : — 

Temperature  is  a  condition  of  bodies  that  determines  which 
of  two  bodies  when  placed  in  contact  will  part  with  heat  to  the 
other. 

1O.  Effects  of  Heat — Expansion. — The  principal  effects 
produced  by  applying  heat  to  a  body  are — 

1 i )  Change  of  size, 

(2)  Change  of  temperature,  and 

(3)  Change  of  state. 

We  shall  begin  by  observing  how  heat  causes  solids,  liquids, 
and  gases  to  expand,  and  then  go  on  to  see  how  this  expansion 
can  be  used  as  a  means  of  measuring  temperature. 

EXPT.  2. — Expansion  of  Solids. — This  can  be  observed  by 
taking  a  brass  ball  and  a  ring  (Fig.  5)  which  fits  it  loosely, 
so  that  the  ball  can  just  pass  through  the  ring  when  both  are 
cold.  After  the  ball  has  been  heated  over  a  spirit-lamp  or  in 
the  flame  of  a  Bunsen  burner,  it  will  no  longer  pass  through  the 
ring  but  will  rest  upon  it,  thus  showing  that  it  has  expanded. 
As  the  ball  cools  it  contracts  to  its  original  size,  and  the  ring, 
being  warmed  by  contact,  also  expands  a  little — so  that  after 
a  few  minutes  the  ball  drops  through. 
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EXPT.  3. — Expansion  of  Liquids. — Fit  a  small  flask1  with  a 
cork  and  long  narrow  glass  tube.  Fill  the  flask  with  water 
coloured  with  a  little 
litmus  tincture  or  solu- 
tion of  indigo  ;  push  the 
cork  in  so  as  to  force 
the  coloured  water  half- 
way up  the  tube  and  see 
that  no  air  is  enclosed 
below  the  cork.  Make 
a  movable  index  out  of 
a  piece  of  card  or  stiff 
paper  by  cutting  two 
slits  near  the  ends  and 
slipping  it  over  the  tube, 
as  in  Fig.  6.  On  im- 
mersing the  flask  in  luke-warm  water  its  contents 
will  expand,  and  the  column  of  coloured  water  in 
the  tube  will  gradually  ascend. 

Liquids  expand  withheat  more  rapidly  than  solids, 
and  air  and  other  gases  more  rapidly  than  either. 

EXPT.  4. — Expansion  of  Gases. — The  expansion  of  air  can 
be  observed  in  a  simple  way  with  a  flask  (empty)  fitted 
as  above.  Hold  the  flask  upside  down,  with  the  open  end  of 
the  tube  just  dipping  under  water ;  the  heat  of  the  hand 
applied  to  the  flask  is  enough  to  make  the  air  expand,  as  can 
be  seen  by  the  bubbles  which  escape  through  the  water.  To 
fit  up  the  instrument  for  permanent  use,  take  a  bottle  with 
a  fairly  broad  bottom,  pour  a  little  coloured  water  into  it,  and 
by  means  of  a  good  thick  cork  fix  the  tube  in  the  neck  of 
the  bottle  with  the  end  dipping  under  the  water  (Fig.  7).  In 
the  side  of  the  cork  cut  a  slit  so  as  to  allow  the  air  to  pass 
freely  in  and  out  of  the  lower  bottle.  Place  your  hand  on  the 
flask,  or  heat  it  gently  by  holding  a  lighted  match  near  it,  until 
about  a  dozen  bubbles  of  air  have  been  expelled  ;  the  air  will 

1  In  fitting  up  apparatus  for  an  experiment  the  exact  size  will  depend  largely  upon 
whether  it  is  to  be  used  for  private  observation  or  class  demonstration.  In  order  to 
avoid  unnecessary  details  in  the  text,  many  of  the  figures  are  drawn  to  scale.  The 
scale  is  either  marked  on  the  engraving  or  beneath  it :  thus  Fig.  6  is  one-tenth  [-,^1  of 
the  natural  size.  The  sizes  thus  indicated  are  generally  those  suitable  for  class  work. 


Fig.  6. 
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contract  on  cooling,  and  the  column  of  liquid  will  ascend  about 
half-way  up  the  tube,  which  should  be  provided  with  a  movable 
index  as  before.  The  instrument  now  forms  a  fairly  sensitive 
thermoscope  ;  by  watching  the  movements  of  the  column  of 
water  you  can  find  out  when  heat  is  imparted  to,  or  taken 
away  from,  the  air  in  the  flask.  Thus  you  can  tell  whether  a 
given  sample  of  water  is  hotter  or  colder  than  the  air  ;  for  you 
can  pour  a  few  drops  of  the  water  upon  the  inverted  bottom  of 
the  flask,  and  if  the  temperature  of  the  water  is  higher  than 
that  of  the  air,  expansion  will  occur  and  the  column  will 


Fig.  7. 


Fig.  8. 


descend,  and  vice  versa.  Or  again,  by  moving  the  thermoscope 
from  one  room  to  another  you  can  compare  the  temperatures  of 
a  series  of  rooms. 

Another  form  of  air-thermoscope  is  shown  in  Fig.  8.  This 
consists  of  a  bulb  blown  at  one  end  of  a  glass  tube,  which  has 
a  double  U-shaped  bend  in  it  (the  other  end  being  open).  The 
air  is  shut  off  and  its  volume  indicated  by  the  coloured  water 
in  a  b.  When  the  bulb  is  warmed  (as  by  grasping  it  in  the 
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hand)  the  air  in  it  expands,  forcing  the  liquid  column  down  in 
the  limb  a  and  up  in  the  limb  b.  The  air  contained  in  the  bulb 
is  now  under  a  pressure  which  is  greater  than  that  which  exists 
outside  (the  pressure  of  the  atmosphere),  the  excess  of  pressure 
being  proportional  to  the  difference  of  level  between  the  liquid 
columns  in  a  and  b.  Thus  the  heat  applied  to  the  bulb  has 
produced  two  effects  :  it  has  increased  the  volume  of  the  con- 
tained air,  and  it  has  also  increased  its  pressure. 


CHAPTER  III 
THERMOMETERS 

j%u..  What  we  have  called  an  air-thermoscope  (Art.  10)  is 
sometimes  called  an  air-thermometer,  but  it  does  not  deserve 
to  be  dignified  with  this  name/'for  a  thermometer  (as  its  name 
implies)  ought  not  only  to  indicate  changes  of  temperature  but 
also  to  measure  them.  Our  air-thermoscope  does  not  always 
give  the  same  indication  when  exposed  to  the  same  temper- 
ature ;  its  indication,  i.e.  the  height  at  which  the  column  of 
water  stands,  depends  upon  the  pressure  of  the  atmosphere, 
which  varies  from  time  to  time.  For  this  and  other  reasons  it 
would  not  be  easy  to  use  it  (in  the  form  described)  for 
measuring  temperature, 

Liquids  are  not  affected  by  changes  of  atmospheric  pres- 
sure as  gases  are.  A  rough  kind  of  thermometer  can  be  made 
by  blowing  a  bulb  at  one  end  of  a  narrow  glass  tube  and  filling 
it  with  coloured  water  or  some  other  liquid  :  the  liquid  should 
then  be  warmed  and  the  open  end  of  the  tube  sealed.  But  how 
is  the  thermometer  to  be  graduated  ?  You  might  affix  a  paper 
or  cardboard  scale  to  it,  and  divide  this  into  a  convenient 
number  of  equal  parts,  say  twenty  or  a  hundred ;  but  you 
would  find  if  you  made  another  thermometer  in  the  same 
way  that  the  two  would  not  give  the  same  indications  at  the 
same  temperature.  ^YQur_graduation  being  an  arbitrary  one,'}  ^>j 
the  indications  of  one  instrument  would  not  be  the  same  as 
those  of  another. 

A  more  scientific  way  is  to  begin  by  choosing  two  standard 
temperatures  as  '  fixed  points,'  to  which  all  thermometers  could 
be  referred.  The  fixed  points  always  adopted  are  the  tem- 
perature at  which  ice  melts  and  that  at  which  water  boils. 


THERMOMETERS 


If  you  immerse  a  thermometer  in  melting  ice,  or  in  a  mixture 
of  ice  and  water,  you  will  find  that  it  always  registers  the 
same  temperature  ;  this  is  called  the  melting-point  of  ice,  and 
is  taken  as  the  *  lower  fixed  point '  of  the  thermometer.  The 
temperature  at  which  water  boils  varies  slightly  with  the 
atmospheric  pressure,  but  for  a  given  pressure  it  is  constant, 
so  that  if  we  fix  upon  a  certain  pressure  as  the  standard 
atmospheric  pressure  then  the  boiling-point  of  water  will 
give  us  a  second  or  '  higher  fixed  point '  for  our  thermometer. 
These  two  fixed  points  are  very  convenient  standards  of 
reference,  for  both  water  and  ice  can  always  be  obtained  in 
a  state  of  purity. 

Thermometers  are  never  filled  with  water  :  a  water-ther- 
mometer could  only  be  used  through  a  very  limited  range  of 
temperature  ;  it  would  be  impossible  to  mark  the  fixed  points, 
and  even  between  these  the  expansion  of  water  is  very  irregular. 
Mercury  (quicksilver)  can  be  used  through  a  much  wider  range 
of  temperature  ;  it  expands  more  regularly  than  other  liquids, 
and  for  these  and  other  reasons  it  is  almost  always  preferred 
as  a  thermometric  fluid. 

12.  Construction  of  a  Mercury  Thermometer. — A 
bulb  is  blown  at  one  end  of  a  capillary  glass  tube,  i.e.  a  tube  with 
a  very  fine  bore.  On  account  of  the  contained  air  and  the  fine- 
ness of  the  bore  the  bulb  cannot  be  filled  by  pouring  mercury 
down,  but  if  you  gently  warm  it  so  as  to  expel  some  of  the  air, 


Fig.  9. — Thermometers. 

and  then  dip  the  open  end  of  the  tube  under  mercury,  a  little 
of  this  will  be  sucked  up  as  the  air  cools  and  contracts.  The 
process  of  heating  and  alternate  cooling  must  be  repeated 
several  times  until  the  bulb  and  tube  are  filled  with  mercury; 
finally  the  whole  is  carefully  heated,  so  as  to  drive  off  any  con- 
tained air  and  moisture.  While  the  mercury  is  still  warm  the 
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end  of  the  tube  is  closed  by  cautiously  directing  a  blow-pipe 
flame  against  it,  so  as  to  fuse  the  glass ;  a  vessel  closed  in  this 
way  is  said  to  be  hermetically  sealed.  The  thermometer 
should  now  be  allowed  to  cool  very  slowly,  and  should  be  put 
aside  for  several  days  before  the  fixed  points  are  marked. 
After  the  bulb  is  blown  it  does  not 
contract  at  once  to  the  size  which  it 
finally  assumes  ;  the  greater  part 
of  the  contraction  may  occur  in  the 
first  hour  or  so,  but  the  bulb  goes 
on  shrinking  gradually  for  a  long 
time  after.  Good  thermometer- 
makers  keep  a  stock  of  filled  tubes, 
and  do  not  graduate  them  until 
about  a  year  or  so  after  they  are 
filled. 

13.  Marking  the  Melting- 
point. — In  order  to  determine  the 
lower  fixed  point  the  bulb  and  part 
of  the  stem  of  the  thermometer  must 
be  covered  with  melting  ice  or 
snow.  Put  the  pounded  ice  or 
snow  in  a  large  glass  funnel  sup- 
ported on  a  tripod  (Fig.  I  o)  ;  push 
a  pencil  or  penholder  into  the  ice 
so  as  to  make  a  hole  into  which  the 
thermometer  is  to  be  introduced,  and  pack  it  round  with 
finely -pounded  ice.  After  it  has  stood  for  a  few  minutes, 
readjust  it  so  that  only  the  top  of  the  mercury  column  can 
be  seen  above  the  ice ;  leave  it  for  a  quarter  of  an  hour, 
and  then  mark  off  the  height  of  the  column  by  making  a 
fine  scratch  on  the  glass  with  a  diamond  point  or  a  sharp 
three-cornered  file. 

14.  The  Boiling-point. —  In  determining  the  upper  fixed 
point  the  bulb  and  as  much  as  possible  of  the  stem  are  immersed 
in  a  current  of  steam.  The  apparatus  used  is  shown  in  Fig.  1 1. 
The  steam  arising  from  the  boiling  water  ascends  through 
the  inner  of  the  two  concentric  cylinders,  descends  (as 
shown  by  the  arrows)  through  the  annular  space  between 
them,  and  escapes  into  the  air  by  the  spout  C.  The  ther- 
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mometer  is  fixed  by  a  cork  in  a  hole  in  the  lid,  and  should 
be  pushed  down  until  the  top  of  the  mercury  column  is  only 
just  visible  above  the  cork.  After  standing  for  a  quarter  of 
an  hour  (or  until  the  mercury  has  stopped  rising),  the  height 
is  noted  and  marked  off.  At  the  same  time  the  barometer 
should  be  read  :  if  its  height  is  76  centimetres  (see  p.  60)  the 
pressure  is  that  which  is  taken  as  the  standard  atmospheric 
pressure,  and  the  boiling-point  is  exactly  the  temperature  which 
is  taken  as  the  upper  fixed  point  for  thermometers.  If  the 
barometric  height  at  the 
time  of  the  experiment  is 
greater  than  76  centi- 
metres, the  boiling-point 
is  higher,  and  vice  versa. 
After  reading  Chapter 
IX.  the  student  will 
understand  how  the  boil- 
ing-point depends  upon 
the  atmospheric  pressure, 
and  how  the  necessary 
corrections  for  variations 
in  the  barometric  height 
are  made.  It  is  import- 
ant to  expose  as  much 
as  possible  of  the  stem 
of  the  thermometer,  as 
well  as  the  bulb,  to  the 
steam  ;  this  is  why  the 
thermometer  is  pushed  ^ 
down  until  the  top  of 
the  mercury  column  is 
only  just  visible.  The 
bulb,  however,  should  not  dip  into  the  water.  When  we 
speak  of  the  boiling-point  of  water,  what  we  mean  is  the 
temperature  of  the  steam  rising  freely  from  the  water ;  the 
temperature  of  the  boiling  water  itself  may  differ  slightly  from 
this. 

15.  Graduation  into  'Degrees.' — Our  thermometer  in 
its  present  state  has  two  fixed  marks  upon  it.  Whenever  we 
find  the  mercury  column  standing  at  the  lower  fixed  mark,  we 
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know  that  the  thermometer  is  exposed  to  a  temperature  which 
is  the  same  as  that  at  which  ice  melts  ;  and  whenever  the 
mercury  stands  at  the  higher  fixed  mark,  we  know  that  the 
temperature  to  which  the  thermometer  is  exposed  is  the  same 
as  that  of  steam  rising  from  boiling-water. 

But  how  are  we  to  measure  temperatures  lying  between 
these,  or  above  or  below  them  ?  A  body  may  be  heated  con- 
tinuously from  any  one  temperature  to  a  higher  temperature, 
say  from  one  lower  fixed  point  to  the  upper  fixed  point.  We 
must  therefore  admit  the  existence  of  an  indefinite  number  of 
intermediate  temperatures,  and  we  may  further  assume  that 
it  is  possible  to  divide  the  interval  of  temperature  into  a 
number  of  steps  or  degrees  representing  equal  small  intervals 
of  temperature. 

One  way  of  carrying  this  out  at  once  suggests  itself.  When 
our  thermometer  is  gradually  heated,  the  mercury  contained 
in  it  continuously  increases  in  volume.  If  -we  assume  that  the 
increase,  in  volume  is  proportional  to  the  rise  of  temperature 
(i.e.  that  the  expansion  is  regular  or  uniform  as  well  as  con- 
tinuous), we  may  make  use  of  the  one  change  to  measure  the 
other.  If  the  tube  or  bore  of  the  thermometer  is  perfectly 
uniform  in  section  throughout  its  length,  all  we  need  do  is  to 
divide  the  distance  between  the  lower  and  upper  fixed  points 
into  a  number  of  equal  parts.  These  can  be  marked  on  a 
paper  or  glass  scale  attached  to  the  thermometer  :  but  a  better 
plan  is  to  mark  the  divisions  on  the  glass  stem  of  the  ther- 
mometer itself.  For  this  purpose  the  stem  is  first  covered 
with  a  thin  coating  of  wax,  upon  which  the  divisions  and 
numbers  are  marked  with  a  needle-point  so  as  to  lay  bare  the 
glass  :  after  this  the  marks  are  etched  or  bitten  into  the  glass 
with  hydrofluoric  acid. 

If  the  bore  of  the  thermometer  is  not  uniform  throughout, 
it  must,  before  graduation,  be  carefully  examined  so  as  to  allow 
and  correct  for  any  irregularity.  This  process  is  known  as 
calibration,  and  is  performed  by  passing  a  short  thread  of  mer- 
cury along  the  tube  and  measuring  its  length  in  various  parts. 
The  object  of  calibrating  the  tube  is  to  divide  it  up  into  portions 
of  equal  volume. 

The  expansion  of  mercury  is  more  regular  than  that  of  other 
liquids,  but  it  expands  somewhat  more  rapidly  at  high  than  at 
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low  temperatures.  The  difference  is  so  slight  that  the  assump- 
tion above  made  (as  to  the  absolute  regularity  of  its  expansion) 
may  be  regarded  as  being  sufficiently  correct  for  our  present 
purposes.  It  must,  however,  be  remembered  that  in  so  far  as 
it  is  incorrect,  so  far  are  our  measurements  of  temperature  by 
means  of  mercurial  thermometers  incorrect. 

16.  The  Centigrade  Scale. — In   thermometers  intended 
for  scientific  use  the  interval  between  the  two  fixed  points  is 
divided  into   one  hundred   equal  parts  or  degrees,  the   lower 
fixed  point  being    marked    o°,   and  the  upper    100°.      Ther- 
mometers so  graduated  are  called  Centigrade  thermometers, 
and  the  Centigrade  Scale  is  the  one  which  will  be  used 
throughout    this    book.        On    the     Continent    (especially  in 
France)  the  Centigrade  scale  is  used  not  only 

for  scientific  purposes  but  universally. 

The  graduation  can  be  extended  above  the 
boiling-point  (100°)  and  below  the  freezing- 
point  (o°).  Temperatures  below  the  freezing- 
point  are  indicated  by  a  minus  sign  (  -  )  pre- 
fixed :  thus  *— 10°  C.'  is  read  'minus  ten 
degrees  Centigrade,'  and  indicates  a  temper- 
ature of  ten  degrees  Centigrade  below  the 
freezing-point  of  water. 

17.  The  Fahrenheit  Scale. —  In  England 
the  Fahrenheit  Scale  is  still  in  popular  use. 
In    this   scale  the    interval    between   the    two 
fixed  points  is  divided  into  180  degrees.     Since 
the  same    interval   of  temperature    is  divided 

into   i  oo  degrees  on  the  Centigrade  scale,  it  Fig>  ia% 

is  clear  that  one  degree  Fahrenheit  is  equal 
to  five-ninths  of  a  degree  Centigrade,  and  that  a  degree  Centi- 
grade is  equal  to  nine-fifths  of  a  degree  Fahrenheit. 

Further,  the  zero  (or  o°  mark)  on  the  Fahrenheit  scale  is 
not  placed  at  the  melting-point  of  ice  but  32  degrees  Fahren- 
heit lower.  This  is  about  the  temperature  given  by  a  mixture 
of  ice  and  salt,  and  was  erroneously  supposed  hy  Fahrenheit 
to  be  the  lowest  temperature  which  could  be  attained.  Thus 
the  melting-point  of  ice  is  marked  as  32°  on  the  Fahrenheit 
scale  and  the  boiling-point  of  water  as  212°  (32°  +  180°  =  212°). 
The  relation  between  the  two  scales  is  shown  in  Fig.  1 2,  and 


HEAT  CH.  in 


the  following  examples  illustrate  the  method  of  conversion  from 
one  scale  to  the  other  : — 

18.  Conversion  of  Scales. — Ex.  i. — Find  the  Centigrade  tempera- 
ture corresponding  to  77°  F. 

77°  F.   is  77-32  =  45  Fahrenheit  degrees  above  the  freezing-point 
or  Centigrade  zero,  and  this  is  equivalent  to  45  x  -  =  25  Centigrade 
degrees.     The  required  temperature  is  therefore  25°  C. 
Ex.  2. — What  is  the  Centigrade  temperature  corresponding  to  14°  F.  ? 
.  14°  F.  is  32  -  14=18  Fahrenheit  degrees  below  the  freezing-point  or 
Centigrade  zero.      Since  18  Fahrenheit  degrees  are  equivalent  to 
10  Centigrade   degrees,   the  corresponding    temperature   on    the 
Centigrade  scale  is  -  10°  C. 

Ex.  3. — What  temperature  on  the  Fahrenheit  scale  is  equivalent  to 
15°  C.  ? 

15  Centigrade  degrees  are  equivalent  to  15  x  -  =  27  Fahrenheit  degrees, 

and  since  the  Centigrade   zero  counts  as  32°  F.,    the    required 
temperature  is  32° +  27°  — 59°  F. 

The  rules  for  conversion  of  scales  may  be  stated  thus  : — 

To  change  from  Fahrenheit  to  Centigrade. — Subtract  32,  multiply  the 

remainder  by  5  and  divide  by  9. 
To  change  from  Centigrade  to  Fahrenheit. — Multiply  by  9,  divide 

by  5  and  add  32. 

19.  Maximum  and  Minimum  Thermometers. —  For 
certain  purposes  we  require  to  know,  not  only  the  temperature 
to  which  a  thermometer  is  exposed  at  a  particular  time,  but 
how  the  temperature  has  varied  since   the  thermometer  was 
last    examined ;    in    especial  how  high  it  has    risen  and  how 
low  it  has  fallen.     Thus  maximum  thermometers  are  used 
for  indicating  and  registering  the  highest  temperature  which  the 
air  attains  during  the  daytime,  and  minimum  thermometers 
for  recording  the  lowest  temperature  to  which  it  falls  during 
the  night. 

Among  the  commonest  forms  of  registering  thermometers 
are  Rutherford's,  a  pair  of  which  are  shown  in  Fig.  1 3.  Both 
thermometers  are  used  in  a  horizontal  position,  and  their  tubes 
are  of  rather  wide  bore. 

The  maximum  thermometer  is  the  upper  one  in  the  figure, 
and  the  liquid  contained  in  it  is  mercury.  Inside  the  tube  is 
a  short  piece  of  iron  wire  which  can  move  freely  along  it  :  in 
the  figure  this  is  some  distance  in  front  (to  the  left  hand)  of 
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the  mercury  column.  When  the  mercury  expands,  the  end  of 
the  column  pushes  the  iron  in  front  of  it.  But  when  the  mer- 
cury contracts  (owing  to  a  fall  of  temperature)  it  does  not 
draw  the  iron  back  with  it ;  for  mercury  does  not  wet  or 
adhere  to  iron.  The  column  simply  retreats,  leaving  the 
iron  behind  as  an  index  of  the  highest  temperature  to  which 
the  thermometer  has  been  exposed.  The  thermometer  is  'set' 
or  made  ready  for  the  next  observation  by  tilting  the  frame 
down  towards  the  right  and  tapping  it  so  as  to  make  the  index 
slide  down  until  it  comes  into  contact  with  the  end  of  the 
mercury  column. 

ThQ  minimum  thermometer  is  the  lower  one  in  the  figure  : 
the  liquid  used  in  it  is  alcohol  and  the  index  is  a  piece  of  glass 
rod  or  tubing,  thin  enough  to  allow  the  liquid  to  flow  freely 


Fig.  13. — Maximum  and  Minimum  Thermometers  (Rutherford's). 

past  it.  Alcohol  wets  glass  and  adheres  pretty  strongly  to  it. 
The  instrument  is  set  just  like  the  maximum  thermometers,  by 
tilting  and  tapping,  but  it  will  be  observed  that  in  this  case  the 
index  moves  down  within  the  liquid  column  until  it  comes  to 
the  end  of  it.  It  is  then  retained  by  the  attraction  of  the 
alcohol,  there  being  no  corresponding  attraction  on  the  further 
(empty)  side.  When  the  temperature  is  falling,  the  alcohol, 
as  it  contracts,  draws  the  index  back  with  it.  When  the  tem- 
perature rises  the  alcohol  simply  flows  between  the  walls  of  the 
tube  and  the  index,  without  disturbing  the  latter. 

Other  forms  of  thermometer  are  described  in  Art.  32. 

2O.  Advantages  of  the  Mercurial  Thermometer.— 
The  convenient  form  and  size  of  the  mercurial  thermometer,  its 
cheapness,  the  ease  with  which  it  can  be  read  and  the  fact  that 
the  readings  give  the  temperature  directly  without  any  correc- 
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tions,  e.g.  for  barometric  height, — these  are  all  points  in  its 
favour.  By  making  the  capillary  bore  of  the  tube  very  fine  and 
the  bulb  comparatively  large,  it  can  be  made  almost  as  delicate 
as  we  please ;  e.g.  thermometers  can  be  made  to  measure  the 
one-hundredth  part  of  a  degree  Centigrade.  The  special  advan- 
tages of  mercury  as  a  thermometric  fluid  are  : — 

(1)  The  large  range  of  temperature  which  it  allows.     (Mercury  solidifies 

at-  38°-5  and  boils  at  357°.) 

(2)  The  regularity  of  its  expansion. 

(3)  It  is  opaque  ;  this  enables  us  to  follow  the  movements  of  a  fine 

thread  of  the  liquid  with  ease. 

(4)  It  is  a  good  conductor  of  heat  and  therefore  rapidly  takes  the  tem- 

perature of  the  medium  in  which  it  is  placed. 

(5)  Its  specific  heat  {see  Ch.  VII.  Art.  70)  is  smaller  than  that  of  any  other 

liquid,  being  only  0-033  \  hence  it  only  requires  a  relatively  small 
amount  of  heat  to  raise  its  temperature.  That  this  is  an  advantage 
will  be  seen  on  considering  what  happens  when  a  thermometer  is 
immersed  in  a  liquid  warmer  than  itself.  Heat  flows  from  the 
liquid  to  the  thermometer,  and  the  temperature  finally  indicated  by 
the  latter  is  the  common  temperature  which  both  attain  after  a 
certain  interchange  of  heat  has  taken  place.  This  common  tem- 
perature is  lower  than  the  original  temperature  of  the  liquid.  The 
reverse  holds  good  when  the  thermometer  is  warmer  than  the 
liquid  in  which  it  is  immersed.  It  is  obviously  advisable  to  make 
the  thermal  capacity  of  the  thermometer  as  small  as  possible  so 
as  to  diminish  the  error  caused  by  this  interchange  of  heat. 

21.  Errors  and  Corrections — ( i )  The  gradual  rise  of  the  zero- 
point. — This  is  due  to  the  slow  contraction  of  the  bulb  and  has  been 
referred  to  in  Art.  12.  Every  thermometer  used  for  accurate  work  should 
from  time  to  time  have  its  zero-point  redetermined  as  described  in  Art.  13. 
The  requisite  correction  can  then  be  applied  throughout  the  scale  ;  e.g.  if  the 
new  zero-point  is  found  to  be  o°-8  this  amount  must  be  subtracted  from  all 
readings,  so  that  a  reading  of,  say,  i8°-4  would  indicate  a  temperature  of 
l7°-6. 

(2)  Temporary  lowering  of  the  zero-point. — This  occurs  when 
the  instrument  has  been  subjected  to  a  high  temperature,  as  in  deter- 
mining the  boiling-point  of  a  liquid  :  the  bulb  does  not  contract  at  once  to 
its  normal  size,  so  that  for  some  hours  afterward  the  readings  of  the 
thermometer  are  too  low. 

(3)  Error  due  to  exposure  of  the  stem. — This  is  a  frequent  source 
of  error  in  determining  high  temperatures,  e.g.  in  finding  the  boiling-points 
of  liquids.  It  is  not  sufficient  to  immerse  the  bulb  alone  in  the  vapour  of 
the  liquid,  for  in  this  case  the  whole  of  the  mercury  is  not  at  the  same 
temperature  ;  a  portion  of  it  (that  contained  in  the  exposed  part  of  the 
stem)  is  at  a  lower  temperature,  approximately  that  of  the  surrounding 
atmosphere,  and  in  consequence  the  reading  will  be  too  low.  The 
most  satisfactory  way  of  dealing  with  this  error  is  to  remove  it  alto- 
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gather  by  subjecting  the  whole  of  the  mercury-column  to  the  temperature  to 
be  measured  (see  Art.  14). 

(4)  Errors  due  to  position  and  pressure. — A  thermometer  used 
in  a  horizontal  position  will  give  higher  readings  than  when  it  is  vertical, 
on  account  of  the  removal  of  the  hydrostatic  pressure  due  to  the  mercury 
column  :  in  the  vertical  position  this  tends  to  compress  the  mercury  and 
dilate  the  bulb.  Thermometers  exposed  to  great  pressure  give  readings 
which  are  too  high  on  account  of  compression  of  the  bulb. 


EXAMPLES  ON  CHAPTER  III 

1.  On  a  certain  day  I  found  that  the  temperature  of  the  air  rose  through 
13-5  degrees  Fahrenheit  between  sunrise  and  mid-day  :  through  how  many 
degrees  would  a  Centigrade  thermometer  have  risen  ? 

2.  Find  the  temperatures  on  the  Centigrade  scale  corresponding  to  the 
following:   59°  F.,  104°  F.,  185°  F.,  203°  F. 

3.  Find  the  temperatures  on  the  Fahrenheit  scale  corresponding  to  the 
following  :  90°  C.,  80°  C,  30°  C.,  -  5°  C. 

4.  Express  on  the  Fahrenheit  scale  the  temperatures  at  which  mercury 
solidifies  (  -  38°.5  C. )  and  boils  (357°  C. ) 

5.  Calculate  the  temperatures  Centigrade  corresponding  to   100°  F., 
-  40°  F. ,  o°  F. ,  98°  F. 

6.  Describe  how  maximum  and  minimum  thermometers  are  constructed 
and  how  they  are  to  be  used. 

7.  Explain  as  clearly  as  you  can  what  you  understand  by  '  a  degree 
Centigrade,'  as  measured  by  a  mercurial  thermometer. 

8.  A  thermometer  is  graduated  so  that  it  reads  15  in  melting  ice  and 
60  in  normal  steam  ;  convert  into  Centigrade  degrees  the  readings  20  and 
90  taken  on  that  thermometer. 


CHAPTER    IV 
EXPANSION  OF  SOLIDS 

22.  The  following  are  simple  ways  of  observing  the  increase 
in  length  of  a  metal  bar  when  heated  : — 

EXPT.  5. — Cut  off  from  an  iron  or  brass  rod  a  piece 
about  six  inches  long  and  file  the  ends  square.  Cut  a  'gauge' 
out  of  sheet -brass,  so  that  the  rod  fits 
into  it  lengthways  when  cold  (Fig.  14). 
By  filing  the  inside  of  the  gauge  or  tap- 
ping it  with  a  hammer  on  the  outside 
you  can  adjust  it  so  that  it  just  grips  the 
rod. 

Now,  remove  the  rod  and  heat  it  in 
the  flame  of  a  Bunsen  burner.  Try 
whether  you  can  fit  it  into  the  gauge. 
Try  it  again  when  it  has  cooled  down. 

Next,  heat  the  gauge  (leaving  the  rod  cold).  You  will  find 
that  the  gauge  expands  so  much  that  it  no  longer  grips 
the  rod. 

EXPT.  6. — Lay  a  flat  bar  of  iron,  about  i  ft.  long,  across  two 
wooden  blocks,  as  in  Fig.  i  5.  Under  one  end  (between  it  and 
the  block)  place  a  fine  sewing-needle  at  right  angles  to  the 
length  of  the  bar.  On  the  other  end  place  a  weight,  so  as  to 
keep  it  fixed,  and  make  the  bar  bear  well  down  upon  the  needle. 
Attach  a  light  straw  pointer  by  sealing-wax  to  the  eye  end 
of  the  needle,  and  at  right  angles  to  it. 

Heat  the  bar  with  a  spirit-lamp  or  Bunsen  burner:  as  it 
expands  the  free  end  moves  forward  and  rolls  the  needle  round. 
Since  the  needle  is  small,  a  very  slight  movement  of  the  end 
will  make  the  pointer  move  through  a  sensible  arc. 
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Repeat  the  experiment  with  strips  of  glass  (which  should  be 
heated  cautiously),  copper,  zinc,  etc. 


Fig-  15- 

The  long  straight  burner  shown  in  Fig.  16  (a  modified  form 
of  Bunsen  burner)  is  suitable  for  heating  rods  in  such  experi- 
ments as  the  above. 

23.  Unequal  Expansion  of  Metals. — Different  metals 
do  not  expand  equally  when  heated.  The  following  experi- 


Fig.  16.    » 

ments  show  that  brass  expands  more  than  iron  when  both  are 
heated  through  the  same  interval  of  temperature. 

EXPT.  7. — In  Fig.  1 7  is  shown  a  gauge  consisting  of  a  brass 
bar  with  two  cross  pieces  riveted  at  right  angles  to  its  length. 


Fig.  17. 

These  are  so  adjusted  that  at  the  ordinary  temperature  they 
just  grip  an  iron  bar  placed  between  them  (as  in  Expt.  5). 

On  passing  the  bars  backward  and  forward  through  a  flame 
so  as  to  heat  them  both  equally,  it  will  be  found  that  the  iron 
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bar  drops  out.      The  brass  expands  more  than  the  iron   and 
can  no  longer  grip  it  firmly. 

EXPT.  8. — Take  two  thin  strips  of  iron  and  brass  respectively: 
solder  or  rivet  them  together,  hammer  the  compound  strip 
straight,  and  then  heat  it  by  holding  it  over  a  fire  or  passing  it 


Fig.  1 8. 

through  a  gas-flame.  On  account  of  the  unequal  expansion  of 
the  metals  the  strip  bends,  the  more  expansible  metal  (brass) 
being  on  the  outside  of  the  curve  (Fig.  18). 

24.  Coefficients  of  Expansion. — Experiment  shows  that 
when  a  metal  bar  is  heated  it  expands  uniformly,  and  the  ex- 
pansion or  increase  in  length  is  proportional — 

1 i )  To  the  original  length  of  the  bar. 

(2)  To  the  interval  of  temperature  through  which  it  is  heated, 
and 

(3)  To  a  certain  fraction  which  depends  upon  the  nature  of 
the  substance,  and  which  is  called  the  coefficient  of  linear  ex- 
pansion of  that  substance. 

The  coefficient  of  linear  expansion  of  copper  is  about  — —  or  0-000017. 
If  a  bar  of  copper  30  inches  in  length  at  o°  be  heated  to  i°,  its  length 
will  become  30  (i  +  ^—\  inches  or  30  (1  +  0-000017)  inches  ;  and,  since 
the  expansion  is  proportional  to  the  rise  of  temperature,  at  10°  its  length 
will  become  30  (i  +  —  —\  inches  or  30  (1  +  0-000017x10)  inches,  and 
so  on. 

The  coefficient  of  linear  expansion  of  a  substance  may  be 
defined  in  any  of  the  following  ways  : — 
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Definition  i. — If  a  bar  of  any  substance  be  heated  through 
i°,  its  length  will  increase  by  a  certain  fraction,  and  this 
fraction  is  called  the  coefficient  of  linear  expansion  of  the 
substance. 

Definition  2. — The  coefficient  of  linear  expansion  is  the 
ratio  of  the  increase  of  length  produced  by  a  rise  of  i°  to  the 
original  length. 

Definition  3. — The  coefficient  of  linear  expansion  is  numer- 
ically equal  to  the  increase  in  length  produced  in  unit  length 
of  the  substance  by  a  rise  in  temperature  of  i  °. 

Let  a  denote  the  coefficient  of  linear  expansion  of  a  body 
whose  length  at  o°  is  / :  starting  with  any  one  of  the  above 
definitions  you  will  easily  see  (a)  that  the  expansion  produced 
by  heating  the  body  through  i°  is  /a,  (b)  that  the  expansion 
produced  by  heating  it  to  t°  is  /ct/1,  and  hence  (c)  that  its 
length  /'  at  /°  is  given  by  the  equation 

Again  lat=l'  -I 

And  .  :.  a  =  l~          ....     (2), 

.       „     r         .  total  expansion 

or-(coeff.  ofexp.)  =. — — — r-; n — r- — •        — ? / 

(original  length)  x  (interval  of  temperature) 

You  will  find  examples  of  the  use  of  these  equations  at  the  end  of  the 
chapter,  and  you  should  make  yourself  thoroughly  familiar  with  them. 

No  solid  or  liquid  expands  with  absolute  uniformity,  but  the  statements 
above  made  may  be  regarded  as  sufficiently  accurate  for  our  purposes.  In 
the  case  of  a  body  which  expands  irregularly  we  may  take  equation  (2)  as 
defining  its  mean  coefficient  of  expansion. 

APPROXIMATE  COEFFICIENTS  OF  LINEAR  EXPANSION. 

Glass      .....  0-0000086 

Platinum          ....  0-0000086 

Iron  and  Steel          .          .         .  0-000012 

Copper   ,  0-000017 

Brass       .....  0-000019 

Zinc         .....  0-000029 

25.  Measurement  of  Expansion. — The  expansion  of 
solids  by  heat  is  so  small  that  some  method  of  magnifying  it 
is  necessary  in  order  to  make  it  apparent  to  the  eye.  In 
measuring  the  coefficients  of  linear  expansion  of  solids, 
Lavoisier  and  Laplace  made  use  of  the  following  mechanical 
method  of  magnifying  the  expansion  : — 
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A  bar  AB  (Fig.  19)  of  the  solid  to  be  examined  is  firmly 
fixed  at  A  but  free  to  move  at  B  so  that  the  expansion  takes 
place  wholly  towards  the  right  hand.  The  end  B  abuts  against 
a  glass  rod  OB  which  is  attached  at  right  angles  to  the  tele- 
scope LL.  The  rod  and  telescope  can  move  together  round 
an  axis  at  O.  Let  us  suppose  that  when  the  bar  AB  is  cold, 
the  rod  OB  is  vertical  and  the  telescope  horizontal.  In  front 
of  the  telescope,  and  at  a  distance  OC  which  is  great  com- 
pared with  OB,  there  is  a  vertical  scale.  An  observer  looking 
through  the  telescope  sees  a  certain  mark  C  in  the  middle  of 
its  field  of  view. 

When  the  bar  is  heated  the  rod  expands,  say  from  B  to  B'. 
(The  amount  of  the  expansion  is  greatly  exaggerated  in  the 
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Fig.  19. — Lavoisier  and  Laplace's  Method. 

figure.)  The  rod  OB  is  pushed  through  the  angle  BOB'  into 
the  position  OB'  and  the  telescope  is  tilted  through  an  equal 
angle  into  the  position  L'L'.  The  point  C'  on  the  scale  is 
now  seen  in  the  middle  of  the  field  of  view.  The  measurement 
of  the  distance  CC'  is  thus  substituted  for  the  more  difficult 
measurement  of  the  small  expansion  BB',  and  by  making  OC 
large  compared  with  OB  we  can  make  CC'  as  large  as  we 
please. 

The  arrangement  may  in  fact  be  regarded  as  a  right-angled 
lever  with  unequal  arms,  OB  being  the  short  arm,  and  OC  the 
long  arm  ;  and  the  expansion  is  magnified  in  the  ratio  of  the 
longer  to  the  shorter  arm.  For,  in  the  triangles  OCC'  and 
OBB',  the  angles  at  C  and  B  are  right  angles  ;  also  the  angle 
COC  is  equal  to  the  angle  BOB'  (since  the  telescope  and 
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rod  are  rigidly  attached  and  move  together).  Thus  the  two 
triangles  are  equiangular  and  hence  1  the  sides  about  the  equal 
angles  at  C  and  B  are  proportional,  i.e. 

OC:CC'  =  OB:BB', 

'_  OB 

'  XOC' 


and 


Thus  the  quantities  to  be  measured  are  the  distance  CC' 
(which  is  given  by  the  scale)  and  the  ratio  cf  the  two  lengths 


Fig.  20. — Lavoisier  and  Laplace's  Apparatus 

OB  and  OC.     From  these  the  expansion  BB'  can  be  calcu- 
lated. 

The  general  arrangement  of  the  apparatus  is  shown  in  Fig. 
20.  The  bar  to  be  examined  is  placed  in  a  trough  which  is 
first  filled  with  iced  water ;  afterwards  the  ice  is  removed  and 
the  water  heated  by  a  fire  placed  beneath  the  trough.  If 
on  heating  from  o°  to  100°  the  bar  expands  by  an  amount  £, 
its  (mean)  coefficient  of  linear  expansion  is 

e 

a- , 

loot 

I  being  its  length  at  o°. 

1  Euclid,  Bk.  VI.  Prop.  IV. — 'The  sides  about  the  equal  angles  of  equiangular 
triangles  are  proportional' 
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26.  An  improvement  on  the  method  used  by  Lavoisier  and 
Laplace  consists  in  using  a  light  mirror  instead  of  the  heavy 
telescope  and  observing  the  motion  of  a  beam  of  light  reflected 
from  the  mirror.      But  even  with  this  modification  the  method 
is  not  so  accurate  as  it  might  appear  to  be ;  for  its  accuracy 
depends  upon  a  correct   measurement  of  the    ratio  between 
OB  and  OC,  and  it   is  not  .easy  to  measure  the  distance  OB 
very  accurately. 

It  is,  however,  possible  to  measure  the  expansion  directly 
and  without  employing  any  mechanical  magnifying  arrange- 
ment. This  was  first  done  by  Roy  and  Ramsden  in  order  to 
find  the  coefficient  of  expansion  of  the  measuring-rods  which 
were  used  in  the  first  careful  trigonometrical  survey  of  Great 
Britain.  Direct  methods  of  measuring  small  extensions  are 
generally  preferred  nowadays,  and  the  principle  on  which  they 
depend  may  be  illustrated  as  follows. 

Suppose  one  end  of  the  bar  under  examination  to  be  fixed 
while  the  other  is  free  to  expand  when  heated,  and  let  a  fine 
mark  be  made  on  the  bar  at  right  angles  to  its  length  and 
near  the  free  end.  Upon  this  mark  is  focussed  a  travelling 
microscope  which  is  attached  to  a  finely-divided  screw  so  that 
it  can  be  moved  parallel  to  the  bar.  Suppose  further  that  the 
pitch  of  the  screw  is  half  a  millimetre,  and  that  its  head  carries 
a  circle  divided  into  500  equal  divisions.  When  the  screw- 
head  is  turned  through  a  complete  revolution  the  microscope 
moves  through  half  a  millimetre  :  when  the  head  is  turned 
through  a  single  division  only  the  microscope  moves  through 
half  of  five-hundredth,  or  one-thousandth  of  a  millimetre. 

In  the  field  of  view  of  the  microscope  there  is  seen  a  fine 
cross -wire  or  spider-thread  which  moves  with  it.  The  micro- 
scope is  first  adjusted  so  that  this  coincides  with  the  mark 
near  the  end  of  the  bar  when  the  latter  is  cold.  The  bar  is 
now  heated  and  the  microscope  moved  so  that  the  cross-wire 
follows  up  and  again  coincides  with  the  mark  on  the  bar. 
The  number  of  turns  and  parts  of  a  turn  of  the  screw-head 
required  to  do  this  give  the  expansion  directly  to  a  thousandth 
of  a  millimetre. 

27.  Examples  and  Applications  of  Expansion. — You 
will  see  by  the  table  on  p.  27  that  glass  and  platinum  have  the 
same  coefficient  of  expansion.     These  two  substances  expand 
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and  contract  at  the  same  rate,  so  that  if  a  platinum  wire  is 
fused  into  a  glass  tube  the  joint  will  remain  good  on  cooling. 
It  is  mainly  on  this  account  that  whenever  a  metallic  wire  has 
to  be  fused  through  the  side  of  a  glass  vessel  platinum  is 
always  used.  If  you  try  to  fuse  a  copper  wire  into  a  piece  of 
glass  tubing,  you  will  find  that  on  cooling  the  copper  contracts 
more  rapidly  than  the  glass,  and  so  a  crack  is  started  which 
makes  the  joint  leaky. 

Boiling  water  may  be  poured  into  thin  glass  vessels  such 
as  beakers  and  flasks  without  much  danger  of  cracking  them. 
But  glass  is  such  a  bad  conductor  of  heat  that,  if  boiling  water 
is  poured  into  a  thick -bottomed  tumbler,  the  inside  of  the 
tumbler  expands  before  the  heat  has  had  time  to  reach  the 
outside,  and  in  consequence  of  this  irregular  expansion  the 
glass  cracks. 

The  best  way  of  loosening  a  glass  stopper  when  it  has 
stuck  fast  in  the  neck  of  a  bottle  is  to  make  use  of  the  expansion 
of  glass  by  heat.  Pour  warm  water  over  the  neck  of  the  bottle, 
or  hold  it  over  a  small  gas-flame,  turning  it  round  so  as  to  heat 
it  gently  and  uniformly  :  the  neck  expands  before  the  heat  has 
time  to  penetrate  farther,  and  after  tapping  the  stopper  with  a 
knife  or  key  it  can  generally  be  pulled  out. 

Standard  yard-measures  and  metre-scales  are  constructed  so 
as  to  be  of  a  given  length  at  a  definite  temperature :  thus  the 
metre  is  defined  as  being  the  distance  between  the  ends  of  a 
rod  of  platinum  made  by  Borda,  the  rod  being  at  the  temperature 
of  melting  ice.  A  scale  which  is  correct  at  o°  will  not  be 
correct  at  15°,  for  it  will  have  expanded,  and  its  real  length 
will  be  greater  than  its  apparent  length  :  to  make  allowance  for 
this  we  require  to  know  the  coefficient  of  expansion  of  the 
material  of  the  scale,  and  then  we  can  calculate  its  real  length 
at  any  temperature  according  to  equation  (i),  Art.  24.  Such 
corrections  have  to  be  applied  to  all  brass  and  glass  scales 
affixed  to  barometers,  etc. 

EXPT.  9. — Stretch  an  iron  or  platinum  wire,  two  or  three 
feet  in  length,  horizontally ;  if  you  have  no  suitable  clips  for 
holding  it,  support  it  on  bricks  with  heavy  weights  placed 
on  top.  Heat  it  by  means  of  a  long  burner  placed  underneath, 
or,  better  still,  by  passing  an  electrical  current  from  a  battery 
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through  it.  As  the  wire  expands  it  bends  or  « sags '  under 
the  influence  of  its  own  weight :  on  cooling  it  tightens  up  again. 
This  sagging  can  be  observed  in  telegraph  wires,  and  is  more 
noticeable  in  summer  than  in  winter. 

28.  Force  exerted  in  Expansion  and  Contraction. — , 
Great  force  is  required  to  stretch  a  bar  of  iron  appreciably  ; 
and  when  such  a  bar  is  made  to  expand  by  heat  a  corre- 
spondingly large  force  is  exerted  against  any  obstacle  which 
resists  its  expansion.  The  following  experiment  shows  that 
a  cast-iron  bar  may  be  snapped  across  by  the  force  exerted 
by  another  iron  bar  in  cooling  : — 

EXPT.  10. — In  the  accompanying  figure  S  and  S'  are  two 
strong  iron  supports  cast  in  one  piece  with  a  massive  base. 
At  the  top  of  the  supports  are  deep  rectangular  notches  in 


Fig.  21. 


Fig.  22. 


which  rests  a  wrought -iron  bar  B  about  25  cm.  long  and 
2  cm.  square  (4  sq.  cm.  in  cross  section).  On  the  left  the 
bar  ends  in  a  ring  R  ;  on  the  other  end  of  it  a  screw  is  cut 
and  to  this  is  fitted  a  strong  iron  nut  N  with  projecting  arms. 
A  few  small  bars  of  cast-iron,  about  6  cm.  long  and  8  mm.  in 
diameter  are  also  required. 

The  middle  half  of  the  bar  B  is  first  heated  to  dull  redness 
by  laying  it  across  the  top  of  a  fire  or  over  a  couple  of 
powerful  Bunsen  burners  such  as  that  shown  in  Fig.,  3  (p.  6). 
It  is  then  rapidly  placed  on  its  supports,  one  of  the  small 
cast-iron  bars  is  slipped  into  the  ring  R,  and  the  nut  N  is 
screwed  up  firmly.  The  small  cross-bar  bb'  is  thus  held 
tightly  against  V-shaped  projections  on  the  support  S  as 
shown  in  section  in  Fig.  21.  As  B  cools  and  contracts,  the 
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inner  edge  of  the  ring  R  presses  with  great  force  against  the 
cross-bar  and  finally  breaks  it  in  two  with  a  sharp  snapping 
noise.  The  cooling  of  the  bar  may,  if  necessary,  be  hastened 
by  pouring  cold  water  on  it. 

The  force  of  contraction  exerted  by  a  bar  of  the  above 
dimensions  in  cooling  from  100°  to  o°  would  be  equal  to  a 
weight  of  about  2800  kilogrammes  or  2j  tons. 

29.  If  the  bars  of  a  furnace  were  firmly  fixed  at  both  ends, 
they  would,  in  endeavouring  to  expand,  either  loosen  the 
masonry  on  either  side,  or  else  the  bars  themselves  would 
bend.  Instead  of  this,  they  are  fixed  at  one  end  only  and  are 
free  to  expand  at  the  other  end  ;  or,  as  in  boiler-furnaces,  the 
fire-bars  are  not  fixed  at  all  at  the  ends,  but  simply  rest  upon 
cross-bars. 

Wheelwrights  employ  the  force  of  contraction  in  making 
cart-wheels.  When  the  wooden  framework  of  the  wheel  is 
ready  it  is  placed  in  position  on  the  ground  :  the  tire  or  iron 
rim,  which  is  made  somewhat  smaller  in  diameter,  is  heated 
until  it  has  expanded  sufficiently  to  allow  the  wheelwright  to 
slip  it  on.  Cold  water  is  now  poured  over  the  iron,  and  as  it 
shrinks  it  binds  the  parts  of  the  wheel  firmly  together. 

In  making  railways,  especially  if  the  rails  are  laid  in  cold 
weather,  a  space  of  about  a  quarter  of  an  inch  is  left  between 
each  rail  and  the  next  in  order  to  allow  for  expansion  in  summer. 
In  all  large  metal  structures  engineers  endeavour  to  obtain 
freedom  of  movement  under  changes  of  temperature.  In  the 
Britannia  tubular  bridge  over  the  Menai  Straits  this  is  secured 
by  resting  the  metal  tubes  on  rollers  at  one  end ;  and  in  the 
huge  Forth  Bridge,  the  rails  on  the  1700- feet  span  are  free 
to  slide  to  the  extent  of  18  inches. 

In  fixing  the  pipes  which  are  used  for  heating  buildings 
by  hot  water  it  is  advisable  to  allow  a  certain  amount  of 
'play'  at  the  ends,  especially  if  the  line  of  pipes  is  long,  At 
the  same  time  it  is  necessary  that  all  joints  should  be  water- 
tight. Both  conditions  can  be  secured  by  using  an  '  expansion- 
joint,'  one  form  of  which  is  shown  in  Figs.  23  and  24.  The 
pipes  to  be  joined  are  placed  end  to  end,  but  with  a  gap 
between  them  just  large  enough  to  allow  for  the  expansion. 
A  flat  iron  ring  is  now  slipped  on  over  the  gap  and  a  rubber 
ring  placed  on  either  side  of  it.  Two  loose  flanges  are  next 


34  HEAT  CH.  iv 

slipped  on,  one  on  either  side,  and  are  connected  together  by 
bolts  and  nuts.  By  tightening  the  nuts  the  rubber  rings  are 
compressed  between  the  ends  of  the  iron  ring  and  the  shoulders 
inside  the  flanges.  The  rubber  rings  are  thus  bound  firmly 
round  the  pipes  (about  an  inch  from  the  end  of  each),  while 
the  pipes  themselves  have  free  play  to  move  when  heated. 
Joints  of  this  kind  are  quite  water-tight  and  are  not  liable  to 
fracture  from  expansion  or  contraction. 

3O.  Compensation  of  Clocks. — The  rate  at  which  a 
clock  goes  is  controlled  by  the  movements  of  its  pendulum, 
and  the  time  taken  by  the  pendulum  to  swing  backwards  and 
forwards  depends  upon  its  length.  You  can  test  this  with 
a  pendulum  consisting  of  a  bullet  hung  from  a  string.  If 
the  string  is  a  metre  (or  about  39  inches)  in  length,  the 
bullet  takes  about  a  second  to  swing  from  side  to  side  :  if  you 
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reduce  the  length  of  the  string  to  one  half,  it  will  swing  four 
times  as  quickly.  Now  the  metal  rod  which  supports  the  bob 
of  a  pendulum  expands  and  contracts  as  the  temperature  rises 
and  falls,  so  that  unless  the  pendulum  is  compensated  for 
changes  of  temperature  the  clock  will  go  faster  in  summer  than 
in  winter. 

If  you  refer  to  the  table  in  Art.  24,  you  will  see  that  the 
coefficient  of  expansion  of  brass  is  about  i^  times  that  of  iron. 

Now  let  AC  (Fig.  25)  represent  an  iron  rod  and  BC  a 
brass  rod,  the  two  being  connected  by  a  cross  bar  at  C  :  if 
the  iron  rod  is  made  just  I J  times  as  long  as  the  other,  both 
will  expand  equally  when  the  temperature  rises.  Further, 
if  the  point  A  is  fixed,  the  iron  rod  AC  will  expand  down- 
wards, while  the  brass  rod  CB  will  expand  upwards  through 
the  same  distance,  so  that  if  A  were  the  point  of  suspension  of 
a  pendulum  and  B  its  bob,  the  length  of  the  pendulum  would 
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not  be  affected  by  a  change  of  temperature.  A  pendulum 
made  exactly  as  in  Fig.  2  5  would  be  long  and  awkward ; 
the  form  commonly  used  is  the  '  gridiron  pendulum '  (invented 
by  Harrison)  shown  in  Fig.  26,  in  which  the  dark  lines 
represent  iron  rods  and  the  lighter  lines  brass  rods.  It  should 
be  noticed  that  wherever  in  a  gridiron  pendulum  a  pair  of 
bars  are  disposed  symmetrically  on  each  side  of  the  centre 
bar  and  connected  together  at  top  and  bottom,  their  expansion 


C 

Fig.  25. 


Fig.  26. 


is  exactly  the  same  as  that  of  either  of  them  singly :  the  other 
bar  neither  increases  nor  diminishes  the  expansion,  but  simply 
gives  strength  and  symmetry  to  the  arrangement.  Thus  the 
effective  length  of  the  brass  rods  in  Fig.  26  is  the  sum  of  the 
lengths  of  the  two  rods  on  the  left  hand  (or  the  right  hand) 
side.  The  effective  length  of  the  iron  rods  is  the  sum  of  the 
lengths  of  the  centre  rod,  and  of  the  two  on  its  left  hand  (or 
on  its  right  hand).  It  is  in  this  sense  that  the  word  length 
is  used  in  what  follows. 
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In  genera],  the  condition  required  for  exact  compensation 
in  a  gridiron  pendulum  is  that  the  lengths  of  the  two  sets  of 
bars  must  be  inversely  proportional  to  their  coefficients  of 
expansion. 

For  let  /  be  the  length  at  any  temperature  (say  o°)  of  the 
set  of  bars  which  expand  downwards,  and  /'  the  length  at  the 
same  temperature  of  the  set  of  bars  which  expand  upwards  ; 
also  let  a  and  a!  be  their  respective  coefficients  of  expansion. 

Now  suppose  the  temperature  to  rise  through  any  interval 
f.  The  first  set  of  bars  expands  downwards  through  a 
distance  lat.  At  the  same  time  the  second  set  expands 
upwards  through  a  distance  fat.  In  order  that  the  pendulum 
may  not  be  affected  by  the  change  of  temperature  it  is 
necessary  that  the  upward  and  downward  expansions  should 
be  equal.  Hence  we  must  have 

lat  =fa't 

or  /a,  =  /'a' 

and  .-.  /:/'  =  a':cu 

Another  form  of  compensated  pendulum  is  Graham's 
mercurial  pendulum.  This  consists  of  a  steel  rod  carry- 
ing at  its  lower  end  a  vessel  (or  pair  of  wide 
glass  tubes)  containing  mercury.  Any  rise 
of  temperature  causes  the  end  of  the  rod  to 
move  downwards  ;  but  at  the  same  time  the 
level  of  the  mercury  rises  and  by  properly 
adjusting  the  amount  of  mercury  the  pen- 
dulum can  be  exactly  compensated. 

81.  Compensation  of  Watches. — If 
you  examine  a  watch  you  will  find  in  it  a 
wheel  with  a  heavy  rim  which  is  called  a  balance-wheel :  this 
swings  backwards  and  forwards  and  regulates  the  rate  of  the 
watch  as  a  pendulum  does  that  of  a  clock.  In  hot  weather 
the  wheel  expands  and  the  watch  tends  to  go  more  slowly  : 
in  order  to  prevent  this,  good  watches  and  chronometers  are 
fitted  with  compensated  balance-wheels,  in  which  the  rim  is 
divided  into  two  or  three  separate  pieces  (Fig.  27),  each  of 
which  is  fixed  to  a  spoke  at  one  end  and  is  loaded  at  the  free 
end.  Each  portion  of  the  rim  is  made  of  two  metals  of 
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unequal  expansibility,  such  as  steel  and  brass,  the  more  ex- 
pansible metal  being  outside  :  this  is  shown  in  Fig.  27,  where 
the  black  segments  represent 
steel  and  the  shaded  ones  brass. 
You  have  learned  from  Expt.  8 
(Art.  23)  that  such  strips  curl 
inwards  when  heated,  and  in  so 
doing  they  throw  their  loaded 
ends  nearer  the  centre  of  the 
wheel.  At  the  same  time  the 
direct  expansion  of  the  spoke 
pushes  the  rim  outwards.  These 
two  effects  can  be  made  to  com- 
pensate one  another  so  as  to 
keep  the  time  of  oscillation  the 
same  in  summer  as  in  winter. 
.\  32.  Metallic  Thermome- 
ters. —  The  property  of  com- 
pound strips  referred  to  in  the 

preceding  Article  has  been  made  use  of  in  the  construction 

of  metallic  thermometers. 
In  the  dial  thermometer 
shown  in  Fig.  28  there 
is  a  compound  strip  made 
of  steel  and  copper,  the 
more  expansible  metal 
(copper)  being  placed  on 
the  inside.  One  end  of 
the  strip  is  fixed  while 
the  other  is  attached  to 
the  small  arm  of  a  lever, 
the  large  arm  of  which 
carries  a  toothed  sector 
working  into  a  pinion. 
When  the  temperature 
rises  the  lever  moves, 
turning  the  pinion  and 
causing  an  index  attached  to  it  to  travel  over  a  scale  engraved 
on  the  dial. 

A  more  sensitive  metallic  thermometer  is  that  invented  by 


Fig.  29. — Breguet  s  Metallic  Thermometer. 
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Breguet  in  which  the  compound  strip  is  coiled  in  the  form  of 
a  spiral  (Fig.  29),  and  is  made  of  three  metals — silver,  gold, 
and  platinum.  These  are  arranged  in  the  order  of  their 
expansibilities,  the  most  expansible  (silver)  being  on  the  inside 
of  the  spiral,  gold  in  the  middle,  and  platinum  oh  the  outside. 
To  the  lower  end  of  the  spiral  is  attached  a  horizontal  needle. 
When  the  temperature  rises  the  spiral  begins  to  untwist,  thus 
causing  the  needle  to  move  over  a  graduated  horizontal  circle 
placed  below  it. 

33.  Superficial  and  Cubical  Expansion. — With  the 
necessary  change  of  terms,  the  coefficients  of  superficial  and 
cubical  expansion  may  be  defined  in  the  same  way  as  the 
coefficient  of  linear  expansion  (Art.  24). 

Let  ABCD  represent  a  square,  each  of  whose  sides  is  of 
unit  length  at  o°.  (In  the  figure 
each  side  is  an  inch  long  and  the 
area  ABCD  is  a  square  inch.) 
Let  the  coefficient  of  linear  expan- 
sion of  the  material  of  which  the 
square  is  made  be  denoted  by  a  : 
on  heating  it  from  o°  to  i°  the 
square  will  expand  so  that  each 
side  increases  in  length  from  i  to 
i  +  a.  Let  kbcd  be  the  expanded 
square  :  each  of  the  short  lengths 
30.  B£,  D;/  represents  the  linear  ex- 

pansion (a),  and  the  shaded  border 
at  the  bottom  and  right  hand  represents  the  superficial 
expansion  or  increase  of  area.  Consider  the  strip  C£ :  its 
length  is  unity,  and  its  breadth  is  a  :  thus  its  area  is  a  (or 
that  fraction  of  an  inch),  and  so  is  the  area  of  Cd.  If  we 
neglect  the  corner-piece  C<r,  its  size  being  very  small  compared 
with  AC  or  C&,  we  may  say  that  the  increase  of  area  is  2  a, 
and  the  increase  is  produced  by  raising  the  temperature  of 
unit  area  through  i°.  Hence  (see  Def.  3.  Art.  24)  the 
coefficient  of  superficial  expansion  is  20.  or  is  double  tJie 
coefficient  of  linear  expansion. 

This  may  also  be  shown  in  another  way.  The  length  of 
each  side  of  the  expanded  square  at  i°  is  i  +a.  The  area 
of  the  square  is  therefore  (i  +a)2=^  i  +  2a  +  a2.  Now  a — the 
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coefficient  of  linear  expansion — is  always  a  small  fraction  : 
the  largest  coefficient  given  in  Art.  24  is  less  than  0-00003,  so 
that  the  largest  value  of  a2  is  less  than  0^0000000009,  and  in 
comparison  with  the  other  quantities  this  is  so  small  that  we 
may  neglect  it. 

Similarly  it  can  be  proved  that  the  coefficient  of  cubical 
expansion  is  approximately  three  times  the  coefficient  of  linear 
expansion.  Consider  a  cube  each  of  whose  sides  is  of  unit 
length  at  o°  and  of  length  i  +  a  at  I  °.  The  volume  of  the 
cube  at  the  latter  temperature  is 

(l  +a)3=  I  +  3a  + 3a2  +  a3. 

We  have  already  seen  that  a2  is  very  small  and  a3  is 
smaller  still ;  we  may  therefore  neglect  the  last  two  terms. 
The  volume  of  our  cube  which  was  unity  at  o°  becomes  I  +  301 
at  i°,  and  therefore  the  coefficient  of  cubical  expansion  is  301. 

34.  Change  of  Density  with  Temperature.  —  The 
density  of  a  substance  is  defined  to  be  the  mass  of  unit  'volume 
of  that  substance.  If  M  be  the  mass  of  a  body,  and  V  its 
volume,  its  density  is  given  by  the  equation 


If  we  measure  mass  in  grammes  and  volume  in  cubic  centi- 
metres, the  density  of  a  substance  will  be  measured  by  the 
mass  in  grammes  of  a  cubic  centimetre  of  that  substance. 
Thus  when  we  say  that  the  density  of  mercury  is  13-6,  we 
mean  that  the  mass  of  i  c.c.  of  mercury  is  13-6  grammes. 

When  a  substance  expands  by  heat  (the  mass  remaining 
unchanged)  its  density  becomes  less  in  proportion  as  its  volume 
increases.  For  let  V0  denote  the  volume  at  o°  and  Vt  the 
volume  at  any  other  temperature  /°.  The  densities  D0  and  Dt 
at  o°  and  /°  respectively  are  given  by  the  equations 

13  = .     and     D  = 

V0'  V/ 

Hence  DQ :  D,  =  -L :   '  =  V, :  VQ          .          .         (6), 

v  o       i 
or  the  densities  are  inversely  proportional  to  the  volumes. 
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Again,  if  k  be  the  coefficient  of  cubical  expansion  of  the 
substance,  we  know  that 


or  V,:V0=i+£/:i          .          .          .      (c). 

Hence,  from  (£), 


•'•  D-         -...  (4 


These  equations  hold  good  for  liquids  and  gases  as  well  as 
for  solids. 


EXAMPLES  ON  CHAPTER  IV 
(The  coefficients  of  expansion  used  are  given  on  page  27) 

i.  Find  the  length  at  200°  of  a  zinc  rod  whose  length  at  o°  is  128  cm. 
If  we  denote  by  /200  the  length  at  200°,  then  by  equation  (i),  page  27, 


=  I28(l  +  200  X  0-000029), 

=  128  x  i  -0058  =  128-7424  cm. 

2.  A  piece  of  brass  wire  is  exactly  3  metres  long  at  250°  :  what  will  be 
its  length  at  o°  ? 

Using  the  same  system  of  notation,  we  have 

30Q 


/  =  _ 
1 


1  +  2500     i  +  (250  x  0-000019) 


__      g    g2  cm> 


1.00475 

3.  The  distance  between  two  marks  on  a  brass  bar  is  found  to  be  90  cm. 
at  10°.     What  will  be  the  distance  between  the  marks  at  90°  ? 

The  expansion  of  the  brass  on  heating  through  80°  will  be  l 

/a/=9o  x  0-000019  x  80  —  0-1364  cm. 
and  hence  the  distance  between  the  marks  at  90°  will  be  90-1364  cm. 

4.  A  steel  metre-scale  was  carefully  measured  at  o°,  and  its  length  was 
found  to  be  99-97  cm.     At  40°  its  length  was  found  to  be  100-016  cm. 

*  The  solution  here  given  assumes  that  if  lt  be  the  length  of  a  bar  at  any  tempera- 
ture t°,  its  length  /t'  at  any  other  temperature  t'°  is 

<V  =  /t(i+«.7-7). 
This  may  be  taken  as  being  very  approximately  correct.      It  is  not  absolutely 


34  EXPANSION  OF  SOLIDS  41 


Find  the  coefficient  of  expansion  of  the  steel,  and  calculate  the  temperature 
at  which  the  scale  is  exactly  i  metre  long. 

The  expansion  between  o°  and  40°  is  e=  100-016  -  99.97  =  0-046  cm. 

e          0-046 

The  coefficient  of  expansion  is  a  =  —  =  —          —  =  o  •  oooo  115. 

/o*     99-97  *  40 

If  /°  be  the  temperature  at  which  the  scale  is  100  cm.  long, 
100  =  99-97  (1+0-0000115  /) 
0'03  =  99-97  x  0-0000115  /, 

and/= 

99-97x0-0000115 

Thus  the  scale  is  correct  at  26°-!. 

5.  Describe  some  experiment  to  prove  that  iron  and  brass  expand 
differently  when  heated.     How  is  this  fact  made  use  of  in  a  gridiron 
pendulum  ? 

6.  An  iron  steam-pipe  is  40  feet  long  at  o°  :  what  will  be  its  length  when 
steam  at  100°  passes  through  it  ? 

correct  if,  as  is  usual,  the  coefficient  of  expansion  is  measured  and  expressed  with 
reference  to  the  length  of  the  bar  at  o". 

The  straightforward  method  of  solving  the  problem  would  be  to  find  first  the 
length  at  /o  at  °°  from  the  equation, 

/t  =  /0(i+«0  ....         (i), 

and  then  to  calculate  the  length  at  t"  from  the  corresponding  equation, 

/,-  =  4)(i+«O-        •  -        (2)- 

This  would  involve  a  lot  of  arithmetical  work,  and  would  give  a  result  differing  only 
slightly  from  the  other.     For  it  follows  directly  from  (i)  and  (2)  that 


lt     i+ctf 

and  •••Wig  '        <3>- 

Suppose  that  x  andy  are  quantities  which  are  very  small  compared  with  unity,  so 
that  their  squares  can  be  neglected  in  comparison  with  it.     Then  the  fraction  ^r— 

is  approximately  equal  to  \-\-x-y.  (This  can  be  proved  by  dividing  algebraically, 
and  showing  that  the  '  remainder  '  is  negligible.  Cp.  Art.  33.)  Now  the  coefficients 
of  expansion  of  metals  are  very  small  ;  and  unless  t  and  t'  are  very  high  tempera- 
tures, «.t  and  at  will  also  be  small  compared  with  unity.  It  therefore  follows  that 


and  ^t~^t  (J+«-  ?~t)>  approximately      .  .  (4). 

Observe  that  all  this  depends  on  the  smallness  of  «.  In  dealing  with  the  cubical 
expansion  of  liquids  (where  the  coefficients  are  larger)  the  method  only  gives  a  rough 
approximation.  The  coefficients  of  cubical  expansion  of  gases  are  still  larger  (about 
0-00366)  ;  here  all  volumes  must  be  referred  to  the  standard  temperature  of  o°,  and 
Xhe  above  method  of  approximation  is  quite  inadmissible. 
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7.  Define  the  coefficient  of  expansion  of  a  substance  with  temperature. 
Calculate  the  extension,  in  inches,  of  a  bar,  a  mile  long,  at  o°  when 
heated  from  -  40°  to  +35°,  the  coefficient  of  expansion  of  its  material  being 
•000018. 

8.  An  iron 'yard -measure  is  correct  at  the  temperature  of  melting  ice  ; 
express,  as  a  fraction  of  an  inch,  its  error  at  the  temperature  of  boiling 
water. 

9.  What  is  meant  by  saying  that  the  coefficient  of  expansion  of  steel  is 
0-000012?     Assuming  the  highest  summer  temperature  to  be  40°  C.,  and 
the  lowest  winter  temperature  —  20°  C. ,  what  allowance  should  be  made 
for  expansion  in  one  of  the  ijoo-feet  spans  of  the  Forth  Bridge? 

10.  The  height  of  the  barometer  appears  to  be  76-4  cm.,  according  to 
a  brass  scale  which  is  correct  at  o°.     If  the  temperature  at  the  time  of  read- 
ing is  20°,  what  is  the  actual  height  of  the  mercury  column  ? 

11.  The  length  of  the  iron  railway  bridge  across  the  Menai  Straits  is 
about  461  metres.     Find  the  total  expansion  of  this  iron  tube  between 
-  5°  and  35°. 

12.  A  copper  rod,  the  length  of  which  at  o°  is  2  metres,  is  heated  to 
200°  :  what  will  its  length  now  be  ?     At  what  temperature  will  its  length 
be  200-51  centimetres? 

13.  The  length  of  a  glass  tube  at  100°  is  154  cm.     What  would  its 
length  at  o°  be? 

14.  What  is  the  length  of  a  brass  wire,  which  on  heating  through  200°, 
increases  in  length  by  i  centimetre  ? 

15.  The  distance  between  two  points  appears  to  be  87-2  cm.,  when 
measured  at  28°  on  a  brass  scale  which  is  right  at  o°.     What  is  the  real 
distance  ? 

16.  What  must  be  the  length  at  50°  of  a  brass  standard  yard-measure, 
in  order  that  it  may  be  exactly  correct  at  the  freezing-point  ? 

17.  A  rod  which  is  exactly  2^  metres  long  at   10°  is  heated  to  160°, 
when  its  length  is  found  to  be  2-277  metres  :  what  is  its  coefficient  of  ex- 
pansion?    At  what  temperature  will  its  length  be  2-295  metres? 

18.  A  steam-pipe,  intended  to  convey  steam  at  110°,  is  formed  of  iron 
piping  in  lengths  of  15  ft.      Assuming  that  the  temperature  of  the  pipe, 
when  it  is  not  conveying  steam,  is   12°,   find  how  much   play  must  be 
allowed  at  each  joint. 

19.  If  the  length  of  the  iron  bars  of  a  gridiron  pendulum  is  87  centi- 
metres, what  should  be  the  length  of  the  zinc  bars  ? 

20.  Calculate  the  superficial  expansion  produced  by  a  rise  of  40°  in  a 
plate  of  sheet -iron  5  ft.  long  and  3  ft.  broad. 

21.  The  coefficient  of  linear  expansion  of  vulcanite  is  0-00008  :  what 
is  its  coefficient  of  cubical  expansion  ?     What  change  will  be  produced  in 
the  volume  of  a  slab  of  vulcanite  on  heating  it  to  90°,  if  the  slab  at  o°  is 
i  ft.  long,  10  in.  broad,  and  i  in.  thick? 

22.  If  the  linear  coefficient  of  expansion  of  iron  is  0-0000123,  find  the 
increase  in  the  capacity   (in  litres)  of  a  cylindrical  steam-engine  boiler, 
which,  at  the  freezing-point  is  7  metres  in  length  and  3  in  diameter,  when 
heated  from  15°  to  150°. 


CHAPTER  V 
EXPANSION  OF  LIQUIDS 

35.  Real  and  Apparent  Expansion. — In  the  experiment 
with  a  flask  and  tube  described  in  Art.  10  it  is  not  the  real 
expansion  of  the  liquid  that  is  observed.  The  flask  expands 
at  the  same  time  and  its  capacity  increases,  so  that  the 
observed  or  apparent  expansion  of  the  liquid  is  less  than  its 
real  expansion.  That  the  flask  does  expand  can  be  shown 
in  a  very  striking  way  by  heating  it  suddenly.  Instead  of 
immersing  it  in  lukewarm  water,  so  as  to  heat  it  gradually^ 
plunge  it  at  once  into  hot  water  and  watch  the  top  of  the 
column  in  the  tube.  This  will  fall  as  if  there  were  a  sudden 
contraction  of  the  liquid  :  the  contraction  soon  ceases  and  is 
followed  by  a  steady  rise  of  the  column.  The  apparent  con- 
traction is  accounted  for  by  the  fact  that  the  flask  expands 
before  the  heat  has  time  to  pass  through  the  glass  and  warm 
the  water  inside.  Thermometers  behave  in  the  same  way. 
It  is  clear  that  the  liquid  expands  more  than  the  glass,  for 
otherwise  there  would  be  no  rise  of  the  column. 

We  have  thus  to  distinguish  between  the  real  expansion 
of  a  liquid  and  its  apparent  expansion  as  observed  in  a 
glass  vessel.  The  real  expansion  of  the  liquid  is  equal  to  the 
apparent  expansion,  together  with  the  cubical  expansion  of  the 
containing'  vessel. 

36.  That  the  above  statement  is  very  approximately  correct  may  be 
proved  as  follows  :  — 

Suppose  the  liquid  to  be  contained  in  a  vessel  with  a  graduated  stem, 
the  graduation  indicating  the  volume  up  to  each  mark  on  the  stem,  and 
being  correct  at  o°.  At  any  other  temperature  the  graduation  will  not  be 
correct  ;  for  when  the  vessel  is  heated  it  expands,  and  its  real  volume  up 
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to  any  particular  mark  on  the  stem  is  greater  than  its  apparent  volume  as 
indicated  by  the  graduation. 

Let  V0  be  the  common  volume  at  o°  of  the  liquid,  and  of  the  portion 
of  the  vessel  which  it  fills  at  that  temperature.  Also  let  V  be  the  real 
volume  of  the  liquid  at  any  temperature  t°,  and  V  its  apparent  volume  at 
the  sama  temperature. 

If  <5  be  the  coefficient  of  real  expansion  of  the  liquid,  its  real  volume  at 
f  is  V=Vo  (i  +  dt)  ;  or,  substituting  A  for  5t, 

V  =  V0(i+A)         ....        (a). 
The  apparent  volume  of  the  liquid  is 

V'  =  V0(i  +  D)         .          .      \         .        (J). 

D  being  equal  to  dt,  when  d  is  the  coefficient  of  apparent  expansion. 
V  is  also  the  apparent  volume  of  the  portion  of  the  vessel  in  which  the 
liquid  is  contained  at  the  temperature  t°.  If  k  be  the  coefficient  of  cubical 
expansion  of  the  vessel,  its  real  volume  at  this  temperature  is  V  (i  +kt), 
and  this  is  equal  to  V,  the  real  volume  of  the  liquid.  Putting  £/=K,  we 
have 


From  equations  (b}  and  (c\  by  multiplication,  we  have 

V  =  V0(i  +  D)(i  +  K). 
Comparing  this  with  equation  (a)  we  see  that 


Now  both  D  and  K  are  small  quantities  compared  with  unity,  and 
hence  their  product  may  be  neglected  (Cp.  Art.  33).  Thus  we  have, 
approximately, 


If  we  take  t=i°,  A,  D  and  K  become  respectively  5,  d  and  k  ;  so  that 
to  the  same  degree  of  approximation 


or  the  coefficient  of  real  expansion  of  the  liquid  is  equal  to  its  coefficient 
of  apparent  expansion,  together  with  the  coefficient  of  cubical  expansion 
of  the  containing  vessel. 

37.  Unequal  Expansion  of  Liquids.  —  EXPT.  n.  —  Fit 
up  three  glass  flasks  with  tubes  as  in  Expt.  3.  The  flasks 
should  have  a  capacity  of  about  100  c.c.,  but  in  any  case  they 
should  be  of  the  same  size  and  be  fitted  with  tubes  of  the 
same  bore.  Fill  one  flask  with  mercury,  the  second  with 
coloured  water,  and  the  third  with  some  other  liquid,  such  as 
alcohol  or  common  methylated  spirit  coloured  with  turmeric. 
Adjust  the  corks  so  that  the  liquids  stand  at  the  same  height 
in  the  three  tubes  and  fix  a  cardboard  scale  behind  to  indicate 
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this  height.  Place  the  three  flasks  side  by  side  in  a  tin  trough  or 
any  other  convenient  vessel  and  pour  into  this  sufficient  luke- 
warm water  to  cover  the  flasks  up  to  the  corks.  Wait  until  the 
expansion  has  ceased  and  there  is  no  further  rise :  when  this  is 
the  case  the  flasks  and  their  contents  will  be  all  three  at  the 
same  temperature,  and  to  make  sure  of  this  you  may  stir  the 
water  about  so  as  to  mix  it. 

You  will  now  find  that  all  three  columns  have  risen,  but  to 
different  heights :  the  mercury  has  risen  least,  the  water  next, 
and  the  alcohol  or  spirit  much  more  than  either.  At  the 
beginning  of  the  experiment  the  three  liquids  were  at  the  same 
temperature  and  occupied  the  same  volume  :  they  have  been 
heated  through  the  same  interval  of  temperature  and  now  they 
occupy  different  volumes.  What  you  observe  is,  of  course,  the 
apparent  expansion,  but  as  the  flasks  are  of  the  same  size  and 
made  of  the  same  material,  it  follows  that  the  observed  expansion 
is  less  than  the  real  expansion  by  the  same  amount  in  all  three 
cases.  We  can,  therefore,  conclude  with  certainty  from  this 
experiment  that  different  liquids  expand  unequally  when  heated 
through  the  same  interval  of  temperature  :  in  other  words, 
different  liquids  have  different  coefficients  of  expansion. 

38.  Measurement  of  Apparent  Expansion.  —  If  a 
glass  vessel  filled  with  any  liquid  is  warmed,  a 
portion  of  the  liquid  overflows  ;  and  if  you  weigh 
the  amount  of  the  liquid  expelled  and  also  that 
which  is  left  in  the  vessel,  you  can  calculate  the 
coefficient  of  apparent  expansion  of  the  liquid  in 
glass.  The  vessel  used  is  a  spherical  or  cylindrical 
glass  bulb  with  a  narrow  neck,  and  is  called  a 
•weight  thermometer, 

EXPT.    12. — To  find  the  coefficient  of  apparent 
expansion  of  mercury.     Make  a  weight  thermometer 
by  blowing  a  bulb  at  the  end  of  a  piece  of  ther- 
mometer tubing,  or  seal  off  one  end  of  a  wide  tufce 
and  draw  out  the  other  end  into  a  fine  neck.      Bend        Fig.  31. 
the  neck  twice  at  right  angles,  as  shown  in  Fig.  3 1 . 
Weigh  the  empty  thermometer.      Fill  it  in  the  same  way  as 
an  ordinary  thermometer  (Art.    12)  by  dipping  the  open  end 
or  beak  under   mercury  and   alternately  heating  and  cooling 
the  bulb  until  all  air  is  expelled  and  the  mercury  fills  the  bulb 
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and  tube  completely.  Allow  it  to  cool  slowly  (with  the  beak 
still  dipping  under  mercury)  to  the  temperature  of  the  air  and 
note  what  that  temperature  is.  Clean  and  weigh  a  small 
porcelain  crucible  and  place  it  under  the  beak  of  the  thermo- 
meter. Warm  the  bulb  and  its  contents  to  a  convenient 
known  temperature  (say  60°)  by  immersing  it  in  a  large 
beaker  of  hot  water.  Weigh  the  mercury  which  overflows 
into  the  crucible  :  also  dry  and  weigh  the  thermometer. 

You  can  improve  the  above  method  by  cooling  the  mercury 
in  melting  ice  to  o°  (instead  of  to  the  temperature  of  the  air) 
and  heating  it  to  100°  in  the  boiling-point  apparatus  (Fig.  1  1). 
The  following  are  the  results  of  such  an  experiment  :  — 

Weight  of  mercury  expelled  at  100°       .          .          8-49  gm. 

Weight  of  mercury  contained  in  thermometer 
at  100°  .  -545 

The  amount  expelled  (8-49  gm.)  represents  the  increase 
in  volume  produced  by  heating  545  gm.  through  100°  :  one- 
hundredth  of  this,  or  0-0849  gm->  represents  the  increase  of 
volume  for  a  rise  of  i°. 

The  ratio  of  this  to  the  original  volume  (see  Def.  2,  Art. 
22)  is  the  coefficient  of  apparent  expansion,  which  is  therefore 

equal  to  0'°84?,   or  o-oooi  558. 
545 

39.  Real  Expansion.  —  If  the  cubical  expansion  of  the 
glass  vessel  used  in  the  above  experiment  were  known,  it 
would  be  easy  to  find  the  real  expansion  of  the  mercury  ;  for 
we  have  seen  that  the  real  expansion  is  equal  to  the  apparent 
expansion  plus  the  expansion  of  the  containing  vessel.  Assum- 
ing, for  example,  according  to  Art.  33,  that  the  coefficient  of 
real  expansion  of  the  glass  is  3x0*0000086  or  0-0000258, 
we  find  that  the  coefficient  of  real  expansion  of  mercury  is 
(Art.  36), 


=  0-0001558  +  0-0000258 
=  o-ooo  1  8  1  6, 

There   are    two   objections   to  the   above   method   of  pro- 
cedure :  — 

(i)    We    require    first    to    know   the    coefficient    of   linear 
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expansion  of  a  solid,  and  it  is  by  no  means  easy  to  measure 
this  accurately. 

(2)  The  coefficient  of  expansion  of  a  substance  like  glass 
is  not  a  constant  quantity  ;  it  varies  from  one  specimen  to 
another  according  to  the  composition  and  the  method  of 
treatment  (e.g.  during  annealing).  Thus  it  is  necessary  not 
only  to  measure  the  expansion  of  the  particular  kind  of  glass 
but,  if  possible,  to  do  so  after  it  has  been  blown  into  the  form 
of  a  weight  thermometer  :  which  complicates  the  matter  still 
more. 

There  is,  however,  one  method  of  measuring  the  real 
expansion  of  a  liquid  which  is  entirely  independent  of  the 
expansion  of  the  containing  vessel.  This  method,  which 
depends  upon  a  well-known  principle  in  hydrostatics,  was 
first  employed  by  Dulong  and  Petit  in  measuring  the  co- 
efficient of  real  expansion  of  mercury  and  was  afterwards 
improved  by  Regnault. 

4O.  The  hydrostatic  principle  referred  to  is  as  follows  :  — 

When  two  liquids  which  do  not  mix  meet  in  communicating 
tubes,  the  heights  of  the  two  liquid  colunms  above  their  common 
surface  of  separation  are  inversely  proportional  to  their  densities. 

Thus  if  d  and  d1  are  the  densities  of  the  two  liquids,  and 
h  and  k'  the  heights  of  the  two  columns  (measured  in  each 
case  from  their  common  surface  of  separation),  then 


EXPT.  13.  —  Bend  a  long  piece  of  glass  tubing  twice  at  right 
angles  so  that  the  two  limbs  are  parallel.  Support  it  with 
these  two  limbs  in  a  vertical  position.  Pour  mercury  into  it 
until  the  horizontal  branch  is  filled  and  the  mercury  rises  to 
a  height  of  5  or  10  cm.  in  each  of  the  vertical  tubes.  The 
tops  of  the  two  mercury  columns  stand  at  the  same  height  : 
this  is  always  the  case  when  a  liquid  is  contained  in  two  com- 
municating tubes  so  long  as  both  tubes  contain  the  same  liquid 
at  the  same  temperature. 

Now  pour  water  into  one  of  the  limbs  (say  the  left-hand 
one)  until  it  nearly  reaches  the  top  of  the  tube.  The  level 
of  the  mercury  falls  in  this  tube  and  rises  in  the  other  ;  but 
the  height  of  the  mercury  column  (measured  vertically  from 


48 


HEAT 


CH.  V 


the  common  surface  of  separation  in  the  left-hand  tube  to  the 
free  surface  in  the  right-hand  tube)  is  much  smaller  than  the 
height  of  the  water  column.  On  account  of  its  greater  density 
a  short  column  of  mercury  is  able  to  support  (or  exert  the 
same  pressure  as)  a  much  longer  column  of  water.  The 
heights  of  the  two  equilibrating  columns  can  be  measured  by 
means  of  a  metre  scale  laid  alongside.  In  the  accompanying 
figure  the  height  of  the  mercury  column  is  3  cm.  and  that  of 
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the  water  column  is  40-8  cm.  According  to  this  the  densities 
of  mercury  and  water  are  as  40-8  to  3  or  as  13*6  to  I  ;  which 
is  known  to  be  correct. 

41.  Dulong  and  Petit's  Method.  —  Now  let  us  return 
to  the  case  in  which  two  communicating  tubes  contain  the 
same  liquid.  So  long  as  both  tubes  are  at  the  same  tempera- 
ture the  two  liquid  columns  remain  at  the  same  height.  But 
if  one  column  is  heated  while  the  other  is  kept  cool,  the 
heights  no  longer  remain  the  same,  for  the  density  of  a  liquid 
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diminishes  when  it  is  heated  ;  and  hence  for  equilibrium  the 
hot  column  must  be  higher  than  the  cold  column.  If  we 
knew  the  coefficient  of  real  expansion  of  the  liquid  and  the 
temperatures  of  the  two  columns  we  could,  according  to  the 
equations  in  Art.  34,  find  the  ratio  between  the  densities  of 
the  two  columns.  We  could  then,  by  applying  the  hydrostatic 
principle  above  referred  to,  calculate  the  height  of  a  column 
of  the  hot  liquid  required  to  balance  a  column  of  given  height 
of  the  cold  liquid. 

Pursuing  this  course  of  reasoning  backwards  we  arrive  at 
the  method  used  by  Dulong  and  Petit  to  determine  the  real 
expansion  of  mercury.  They  measured  the  heights  of  two 
columns  of  mercury  in  communicating  tubes,  one  tube  being 
surrounded  by  melting  ice  so  as  to  keep  it  at  o°,  while  the 
other  was  surrounded  by  a  bath  of  oil  heated  to  a  temperature 
/°  which  was  measured  by  means  of  an  air-thermometer. 

Let  h  denote  the  height  and  d  the  density  of  the  column 
at  o°,  h'  the  height  and  d'  the  density  of  the  column  at  f. 
Then  we  know  that 

*_</' 
ti~  d  ' 

Again,  by  Art.  34,  if  k  be  the  coefficient  of  real  expansion 
of  the  liquid 

d'         i 


Thus  - 

K     i+kt 


h'  -h 

and  .-.  k=-~i  —  • 

fit 

Thus  the  required  coefficient  is  equal  to  the  difference  in 
height  between  the  two  columns  divided  by  the  height  of  the 
cold  column  and  by  the  difference  of  temperature. 

It  should  be  particularly  noticed  that  in  any  question 
relating  to  communicating  tubes,  the  expansion  of  the  tubes 
themselves  in  no  way  affects  the  result  :  for  the  height  of  a 
liquid  column  does  not  depend  upon  the  length  or  diameter 
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of  the  tube  in  which  it  is  contained.  Thus  Dulong  and  Petit's 
method  is  entirely  independent  of  the  expansion  of  the  glass 
tubes. 

42.  The  following  experiment  will  serve  to  illustrate  the 
above  method  and  will  enable  the  student  to  make  a  rough 
measurement  of  the  real  expansion  of  a  liquid.  The  liquid 


used  should  be  one  having  a  high  coefficient  of  expansion, 
such  as  the  ordinary  petroleum  or  paraffin  oil  used  in  lamps. 
For  class  purposes  this  may  be  rendered  more  easily  visible 
by  colouring  it  red  with  alkanet  root. 

EXPT.  14. — The  apparatus  required  is  very  simple  and  is 
shown  (to  T^th  scale)  in  Fig.  33.  Over  the  limb  ab  of  the 
glass  tube  abed  is  slipped  the  outer  glass  tube  of  a  Liebig's 
condenser :  the  ends  of  this  are  made  tight  either  with  corks 
or  by  slipping  over  them  short  pieces  of  wide  rubber  tubing. 
Steam  can  be  led  into  this  at  e  by  a  glass  tube  from  a  flask 
or  boiler  :  an  oil-can  makes  a  capital  boiler  for  such  purposes. 
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The  waste  steam  passes  out  at  /  through  another  tube  into 
a  sink.  The  limb  cd  is  simply  left  exposed  to  the  air,  and  its 
temperature  taken  by  a  thermometer  hung  alongside. 

Before  passing  any  steam  through,  pour  oil  into  the  tubes 
until  its  level  rises  just  above  the  top  of  the  condenser  tube. 
Since  both  limbs  are  at  the  same  temperature,  the  tops  of  the 
oil  columns  in  both  will  lie  at  the  same  level.  This  is  marked 
by  adjusting  the  card  ad  which  has  a  straight  line  drawn  on 
it.  The  right-hand  limb  is  now  heated  by  means  of  its 
'  steam-jacket,'  and  the  level  of  the  column  at  a  gradually  rises. 
When  the  temperature  has  become  steady,  the  distance 
between  the  top  of  the  hot  column  and  the  horizontal  line  on 
the  card  is  carefully  measured  by  means  of  a  millimetre  scale. 
The  following  are  the  results  of  such  an  experiment  :  — 

Temperature  of  hot  column  ....  100° 

Temperature  of  cold  column                     .  14° 

Height  of  cold  column           ....  60  cm. 

Difference  in  height  between  the  two  columns  5-1  cm. 

This  gives  for  the  coefficient  of  real  expansion  of  paraffin 
oil 


60  (100-  14) 


43.  In  order  to  obtain  accurate  and  reliable  results  the 
above  method  of  experimenting  would  have  to  be  modified  in 
several  respects.  Greater  care  would  have  to  be  taken  to 
ensure  uniformity  of  temperature  through  the  whole  length  of 
each  tube  and  to  measure  the  temperatures  accurately.  One 
defect  in  the  apparatus  should  be  especially  noticed.  There 
is  here  no  definite  surface  of  separation  between  two  liquids 
as  there  was  in  Fig.  32.  The  level  from  which  the  height  of 
each  column  has  to  be  measured  may  be  supposed  to  lie 
somewhere  along  the  bore  of  the  horizontal  tube  ;  but  when 
the  tube  is  wide  we  cannot  exactly  say  where.  Further,  the 
wide  bore  of  the  tube  favours  the  production  of  convection- 
currents,  and  thus  renders  the  temperature  of  each  column 
near  the  bottom  somewhat  uncertain.  For  these  reasons 
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Dulong  and  Petit  narrowed   their  tubes  below  and   used   for 
the  horizontal  portion  a  tube  of  capillary  bore  (Fig.  34). 

Regnault  introduced  some  further  improvements  in  detail, 
but  the  principle  of  his  method  was  the  same  as  that  of 
Dulong  and  Petit,  and  his  results  agreed  very  nearly  with 
theirs.  He  found  the  following  values  for  the  mean  coefficient 
of  real  expansion  of  mercury  : — 


Between  o°  and  100° 
Between  o°  and  300° 


0-000182 
0-000187 


•"X" 


Thus  mercury  expands  somewhat  more  rapidly  at  high 
than  at  low  temperatures  :  a  fact 
which  is  of  importance  in  connection 
with  its  use  as  a  thermometric  sub- 
stance  (Art.  15).  This  would  have 
escaped  notice  if  the  temperature  of 
the  hot  column  had  been  merely 
measured  by  a  mercurial  ther- 
mometer :  but,  as  an  air  -  ther- 
mometer was  used  for  this  purpose, 
the  investigators  were  able  to  apply 
an  independent  check  by  comparing 
the  expansion  of  the  mercury  with 
that  of  another  substance  (air) 
which  is  known  to  expand  more 
regularly. 

44.  As  we  now  know  accurately 
the  coefficient  of  real  expansion  of 
mercury  (which  can  easily  be  obtained  in  a  state  of  purity) 
we  are  in  a  position  to  solve  such  problems  as  the  following  :  — 
(i)  Suppose  we  desire  to  find  the  coefficient  of  cubical 
expansion  of  glass,  porcelain,  or  other  substance  which  can 
be  formed  into  a  vessel  with  a  narrow  neck  like  a  weight 
thermometer. 

The  vessel  is  rilled  with  mercury  as  in  Expt.  12,  and  the 
coefficient  of  apparent  expansion  of  mercury  in  the  vessel 
between  o°  and  100°  is  measured.  Subtracting  this  from 
the  known  coefficient  of  real  expansion  of  mercury  (0-000182) 
we  get  at  once  the  required  result. 
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Thus  the  coefficient  of  cubical  expansion  of  the  glass  used 
in  Expt.  12  was 

0-000182  -  o-ooo  i  558  =  0-0000262, 

or  slightly  greater  than  the  value  there  assumed. 

(2)  Again,  suppose  we  desire  to  find  the  coefficient  of  real 
expansion  of  some  liquid  other  than  mercury, — say  glycerine. 

The  first  step  is  to  fill  a  glass  weight -thermometer  with 
mercury  and  determine  the  coefficient  of  cubical  expansion  of 
the  glass  as  above  (i).  The  weight  thermometer  is  next  filled 
with  glycerine  and  its  coefficient  of  apparent  expansion 
measured  in  the  usual  way.  Adding  to  this  the  coefficient 
of  cubical  expansion  of  the  glass  we  obtain  the  required 
coefficient  of  real  expansion  of  the  glycerine. 

45.  Peculiar  behaviour  of  Water. — When  water  is 
gradually  cooled  it  does  not  contract  regularly  down  to  the 
freezing-point,  but  begins  to  expand  again  before  it  reaches  this 
temperature. 

EXPT.  1 5. — Make  a  coil  of  lead  tubing  by  bending  it  round 
a  bottle.  Close  the  lower  end  with  a  cork  ;  leave  the  other 
end  sticking  up  and  fit  it  with  a  cork  and  narrow  tube.  Fill 
the  coil  and  tube  with  water :  this  is  best  done  by  sucking  up 
the  water  before  the  bottom  cork  is  pushed  in.  Now  cover  the 
coil  with  ice  and  watch  the  water  in  the  tube.  At  first  it  falls 
rapidly  ;  gradually  the  contraction  becomes  slower,  and  after  a 
while  the  column  comes  to  rest :  then  it  begins  to  rise,  showing 
that  the  contraction  has  been  followed  by  an  expansion. 

Remove  the  ice  and  let  the  water  gradually  rise  to  the 
temperature  of  the  air :  at  first  it  contracts,  then  stops,  and 
finally  begins  to  expand. 

The  temperature  at  which  the  water  occupies  the  smallest 
volume  is  4° :  both  below  and  above  this  temperature  its 
volume  increases.  This  is  expressed  by  saying  that  water 
has  its  maximum  density  at  4°. 

The  following  experiment  shows  that  in  general  (i.e.  with 
the  exception  of  the  peculiarity  above  referred  to),  hot  water  is 
lighter  or  less  dense  than  cold  water : — 

EXPT.  1 6. — Boil  some  water  in  a  flask  or  saucepan,  adding 
a  few  drops  of  ink  or  indigo  solution  to  colour  it.  Half  fill  a 
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beaker  with  cold  water  and  on  its  surface  float  a  thin  piece  of 
wood.  Pour  the  hot  water  gently  upon  this  :  the  wood  rises 
with  it  but  serves  to  break  its  fall  and  prevent  it  -from  rushing 
at  once  to  the  bottom  of  the  beaker.  The  hot  water  does  not 
mix  immediately  with  the  cold  water,  but  being  lighter  floats 
above  it,  and  is  easily  distinguished  by  its  blue  colour. 

46.  Hope's  Experiment. — Hope  showed  by  the  following 
experiment  that  water  has  its  maximum  density  at  4°: — 

A  freezing  mixture  is  applied  round  the  middle  of  a  cylindrical 
jar  (Fig.  35)  filled  with  water  at 
the  temperature  of  the  air.  Ther- 
mometers are  inserted  through  holes 
in  the  sides  of  the  vessel,  so  as  to 
give  the  temperature  of  the  water 
in  it  at  the  top  and  bottom.  The 
first  effect  produced  by  the  freezing 
mixture  is  that  the  lower  thermo- 
meter falls,  whereas  the  upper  one 
is  scarcely  affected  :  this  shows  that 
the  water  sinks  to  the  bottom  as  it 
is  cooled  by  the  freezing  mixture. 
But  the  temperature  indicated  by 
Fi  the  lower  thermometer  does  not  fall 

steadily   to   the   freezing-point  —  it 

stops  at  4°.  Now  the  upper  thermometer  begins  to  fall,  and  it 
falls  right  down  to  o°.  This  shows  that  water  at  o°  is  lighter 
than  water  at  4°,  and  swims  upon  its  surface. 

This  fact  is  of  great  importance  in  nature,  for  the  process 
which  we  have  described  is  just  what  takes  place  in  ponds  and 
lakes  in  winter.  As  the  water  cools  it  becomes  heavier  and 
sinks  to  the  bottom,  its  place  being  taken  by  warmer  and 
.  lighter  water.  If  water  contracted  regularly  down  to  o°,  this 
process  would  go  on  until  all  the  water  in  the  lake  was 
reduced  to  o°,  and  it  would  then  begin  to  freeze  outright.  But 
the  circulation  stops  as  soon  as  the  temperature  reaches  4° ; 
after  this  the  colder  water  floats  on  the  surface  and  gradually 
freezes.  Ice  is  lighter  than  water  and  is  also  a  bad  conductor 
of  heat ;  thus  the  sheet  of  ice  formed  on  the  surface  of  a 
lake  to  some  extent  protects  it  from  further  cooling.  The  deep 
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water  of  lakes  in  our  climate  seldom  falls  below  4°,  so  that  fish 
can  exist  in  them  through  our  coldest  winters. 


EXAMPLES  ON  CHAPTER  V 

1.  Distinguish  between  the  real  and  apparent  expansion  of  a  liquid 
contained  in  a  glass  vessel.     If  the  coefficient  of  apparent  expansion  of 

mercury  contained  in  a  glass  vessel  is  ~~,  while  its  coefficient  of  real 

expansion  is  ,  what  is  the  coefficient  of  cubical  expansion  of  the  glass? 

2.  Describe  the  behaviour  of  water  when  it  is  heated  from  o°  to  10°  C. 
How  would   you  show  the   existence  of  a   point  of   maximum   density 
between  these  temperatures  ? 

3.  The  volume  of  a  gramme  of  water  being  i  c.c.  at  4°,  and  1-0169  c-c- 
at  60°  :  what  is  the  mean  coefficient  of  expansion  of  water  between  these 
temperatures  ? 

4.  A  pond  of  water  has  been  cooled  just  to  the  point  of  freezing  :  would 
you  expect  the  temperature  and  density  of  the  water  to  be  the  same  at  the 
top  and  bottom  of  the  pond  ? 

5.  The  density  of  water  at  4°  is  unity,  and  its  density  at  60°  is  0-9834  : 
find  its  mean  coefficient  of  expansion  between  4°  and  60°. 

6.  Calculate  the  coefficient  of  apparent  expansion  of  mercury  in  glass 
from  the  following  results  of  an  experiment  with  a  weight-thermometer  : — 

Weight  of  mercury  expelled  at  100°   ....        10-2877  gm- 
Weight  of  mercury  contained  in  thermometer  at  100°  .     659  gm. 

7.  A  weight-thermometer  which  contains  a  kilogramme  (1000  gm. )  of 
mercury  at  o°  is  placed  in  an  oil-bath,  and  the  mercury  expelled  is  found 
to  weigh  20  grammes.      Find  the  temperature  of  the  bath,  the  coefficient 
of  apparent  expansion  of  mercury  in  glass  being  0-000155. 

8.  The  coefficient  of  linear  expansion  of  glass  is  0-000008,  and  a  certain 
glass  flask  contains  exactly  100  c.c.  of  water  at  o°.     What  will  be  the  volume 
of  the  water  contained  when  the  flask  and  its  contents  are  heated  to  100°  ? 

9.  A  glass  flask  holds  1360  grammes  of  mercury  at  o°  :  how  much  of 
the  mercury  would  overflow  if  the  flask  were  immersed  in  boiling  water  ? 
Take  the  density  of  mercury  as   13-6,    and  its  coefficient  of  apparent 
expansion  as  0-000155. 

10.  Two  thermometers,  one  filled  with  mercury,  the  other  with  water, 
are  marked  so  as  to  agree  at   two  fixed  points,  but  their  readings  are 
found   to  differ  at   intermediate  temperatures.      Explain  this  fact,    and 
discuss  its  bearing  upon  the  general  question  of  thermometric  measure- 
ments. 

11.  In  an  experiment  made  according  to  Dulong  and  Petit's  method 
the  heights  of  the  mercury  columns  were  60  cm.   and  61-09  cm->  their 
temperatures  being  o°  and  100°  respectively  :  what  value  does  this  give 
for  the  coefficient  of  expansion  ? 
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Note. — In  Examples  12-16  the  coefficient  of  real  expansion  of  mercury 
is  to  be  taken  as  0-000182. 

12.  In  an  experiment  made  according  to  Dulong  and  Petit' s  method 
the  heights  of  the  two  columns  of  mercury  were  90  cm.  and  91-7  cm.  :  if 
the  first  column  was  at  o°,  what  was  the  temperature  of  the  second  ? 

13.  Assuming  that  the  density  of  mercury  at  o°  is  13-6,  prove  that  its 
density  at  120°  is  13-3. 

14.  Show  that  the  volume  of  a  gramme  of  mercury  at  1 10°  is  0-075  c- c-  - 
and  that  the  weight  of  i  c.c.  of  mercury  at  80°  is  13-4  gm. 

15.  The  height  of  the  barometer  is  found  on  a  certain  day  to  be 
77-25  cm.,  the  temperature  of  the  air  being  25°  :  prove  that  the  corre- 
sponding barometric  height  reduced  to  zero  would  be  77-17  cm.,  i.e.  that 
the  barometric  column  would  stand  at  this  height  if  the  mercury  were  at  o°. 

[Consider  what  would  happen  if  two  barometers  dipping  in  the 
same  cistern  of  mercury  were  filled,  the  one  with  mercury  at  25°, 
the  other  with  mercury  at  o°.  Cp.  Arts.  34,  40,  and  41.] 

1 6.  A  weight  thermometer  weighs  40  gm.  when  empty,  and  490  gm. 
when  filled  with  mercury  at  o° ;    on  heating  it  to   100°,   6-85  gm.    of 
mercury  escapes.      Calculate  the  coefficient  of  apparent  expansion,  and 
hence  find  the  coefficient  of  cubical  expansion  of  the  glass. 


CHAPTER   VI 
EXPANSION  OF  GASES 

47.  Behaviour  of  Gases  as  compared  with  Liquids 
and  Solids. — Every  boy  who  has  used  a  pop-gun  knows  that  air 
can  be  compressed  or  diminished  in  volume  by  increasing  the 
pressure  upon  it.,  In  the  pop-gun  a  certain  quantity  of  air  is 
shut  off  between  two  corks  in  a  tube  :  by  pressing  a  rod  against 
one  of  the  corks  it  is  pushed  nearer  the  other  ;  the  volume  of  the 
enclosed  air  is  gradually  diminished  and,  at  the  same  time, 
its  pressure  gradually  increases.  At  last  the  pressure  becomes 
great  enough  to  blow  out  the  front  cork,  and  the  enclosed  air 
suddenly  expands  and  returns  to  its  original  state. 

If  you  fill  the  pop-gun  with  water,  you  know  that  the  water 
accommodates  itself  to  the  form  of  the  tube,  as  indeed  it  does  to 
the  form  of  any  vessel  into  which  it  is  poured.  But  if  you  cork 
up  the  water  and  try  to  compress  it  in  the  same  way  as  air,  you 
will  find  that  you  cannot  do  it  ;  either  the  front  cork  is  pushed 
out  at  once,  or  else  the  water  leaks  out  through  the  corks.  It 
is  true  that  water  can  be  slightly  compressed  by  subjecting  it 
to  great  pressures,  but  you  would  require  a  much  stronger 
instrument  than  a  pop-gun  to  do  this,  and  a  much  more 
delicate  means  of  observing  the  effect. 

Not  only  are  gases  more  compressible  than  liquids,  but 
they  also  show  a  tendency  to  expand  which  liquids  do  not 
possess.  If  you  pour  a  cupful  of  water  into  a  glass  flask,  the 
water  lies  at  the  bottom  of  the  flask,  and  a  definite  surface 
separates  the  water  from  the  air  above  it.  It  easily  ac- 
commodates itself  to  the  shape  of  the  flask,  but  it  shows  no 
tendency  to  accommodate  itself  to  the  size  of  the  flask,  i.e.  to 
fill  it.  On  the  other  hand,  if  you  pump  out  all  the  air  from  a 
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flask  and  then  introduce  into  it  a  small  quantity  of  air  or  any 
other  gas,  however  small  the  quantity  of  the  gas  may  be,  it 
will  expand  and  fill  the  flask  entirely.  And  if  the  size  of  the 
flask  could  by  any  means  be  increased,  the  gas  would  still 
expand  and  continually  fill  it. 

Thus  you  see  what  are  the  peculiar  properties  of  solids, 
liquids,  and  gases.  A  solid  has  a  definite  form  and  volume, 
neither  of  which  can  be  altered  except  by  applying  force.  A 
liquid  has  a  definite  volume  but  no  definite  form  ;  it  takes  the 
form  of  the  vessel  which  contains  it.  A  gas  not  only  has  no 
definite  form,  but  its  bulk  or  volume  can  also  be  readily  changed  : 
it  can  be  easily  compressed  and  it  also  tends  to  expand  so  as 
to  fill  completely  any  vessel  in  which  it  is  placed. 

48.  Pressure    of    the    Atmosphere.  —  EXPT.    17.— 
Choose  a  glass  tumbler  having  a  smooth  rim  and  fill  it  to  the 
brim  with  water.     Slide  a  piece  of  stiff  paper  over  the  rim,  so 
as  to  cover  it  and  exclude  all  air-bubbles.      Place  your  hand  on 
top  and  turn  the  whole  upside  down.     On  removing  your  hand 
you  will  find  that  nothing  happens — the  water  does  not  run  out. 

What  is  it  that  supports  the  water  ?  It  is  simply  trie 
pressure  of  the  atmosphere.  This  pressure  is  exerted  by  the 
air  in  all  directions — downwards,  upwards,  and  sideways  :  in 
the  above  experiment  the  air  underneath  the"  paper  presses 
it  upwards  and  so  prevents  the  water  from  falling  out. 

Dip  the  lower  end  of  a  glass  tube  into  water  and  suck 
water  up  into  the  tube  :  when  it  is  full  slip  your  finger  over 
the  upper  end.  Here  again  the  water  does  not  run  out  of 
the  tube.  It  is  supported  by  the  pressure  of  the  atmosphere 
which  is  exerted  downwards  upon  the  surface  of  the  water 
in  the  vessel :  this  pressure  is  transmitted  through  the  water 
in  all  directions,  and  thus  reaches  the  mouth  of  the  tube  and 
supports  the  column  of  water  above  it.  If  the  tube  is  narrow 
enough  you  can  lift  it  right  out  of  the  water  (without  slipping 
any  paper  over  the  mouth),  and  the  column  will  still  be 
supported  by  the  upward  pressure  of  the  atmosphere. 

49.  It  can  be  shown  by  experiment  and  calculation  that  the 
pressure  exerted  by  the  atmosphere  upon  objects  at  the  surface 
of  the  earth  is  about  equal  to  a  weight  of  1 5   Ibs.  per  square 
inch,  or  somewhat  more  than  a  weight  of  1000  grammes  on 
every  square  centimetre.      The  pressure  on  the  mouth  of  a  pint 
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tumbler  would  be  over  100  Ibs.  weight — far  greater  than  the 
weight  of  the  water  contained  in  it.  You  will  have  some  idea 
of  what  this  atmospheric  pressure  amounts  to  when  it  is  stated 
that  the  pressure  exerted  by  the  air  on  a  house  is  generally 
greater  than  the  weight  of  the  house1  itself. 

The  column  of  water  in  the  tube  of  an  ordinary  suction- 
pump  is  maintained  by  the  pressure  of  the  atmosphere.  The 
history  of  the  discovery  of  this  fact  is  interesting.  Some 
workmen  in  Florence  were  commissioned  to  make  a  pump 
which  was  to  be  used  for  raising  water  from  a  depth  of  about 
34  feet.  They  were  astonished  to  find  that  the  pump  would 
not  work,  although  there  appeared  to  be  no  defect  in  its 
construction.  The  Florentine  academicians,  being  consulted 
on  the  matter,  turned  to  Galileo  for  an  explanation.  Galileo 
suggested  that  the  rise  of  water  in  the  tube  of  a  pump  was 
caused  by  the  weight  of  the  air  pressing  upon  the  surface  of 
the  water  below  ;  but  he  left  the  further  investigation  of  the 
matter  to  his  pupil  Torricelli.  By  means  of  an  experiment 
described  below  (Expt.  18)  Torricelli  showed  that  the  pressure 
of  the  atmosphere  was  sufficiently  great  to  support  a  vertical 
column  of  mercury  30  inches  high.  Now  the  density  of 
mercury  is  13-6  times  that  of  water,  and  hence  a  pressure 
which  is  capable  of  sustaining  a  column  of  mercury  30  inches 
high,  would  sustain  a  column  of  water  of  height  equal  to 
30  x  13-6  =  408  inches  or  34  feet. 

Herein  lay  the  explanation  of  the  failure  of  the  pump.  As 
long  as  the  depth  from  which  the  water  had  to  be  raised  was 
less  than  34  feet,  the  atmospheric  pressure  was  sufficient  to 
support  the  column  of  water  in  the  pipe.  But  a  column  longer 
than  34  feet  could  not  be  maintained  by  the  pressure  of  the 
atmosphere  :  a  vacuum  (or  empty  space)  was  left  at  the  top 
and  the  pump  could  no  longer  work. 

5O.  The  Barometer. — We  will  now  see  how  the  pressure 
of  the  atmosphere  may  be  measured. 

EXPT.  1 8. — (Torricelli's  experiment.) — Close  one  end  of  a 
clean  glass  tube  about  a  yard  in  length,  and  fill  it  with  mercury. 
Place  your  thumb  over  the  open  end  (taking  care  that  no  air  is 
enclosed)  and  invert  the  tube  in  a  small  basin  or  glass  mortar 
containing  mercury,  keeping  your  thumb  tightly  pressed 
against  the  open  end  of  the  tube  until  it  is  well  under  the 
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mercury.      Now  remove  your  thumb.     Only  a  portion  of  the 
mercury  runs  out   of  the  tube  ;    a  column   of  mercury  about 

30  inches  or  76  centimetres  in 
height  is  supported  in  the  tube 
by  the  pressure  of  the  atmo- 
sphere. Repeat  the  experiment 
with  tubes  of  different  lengths 
and  diameters,  and  measure  the 
height  of  the  column  each  time  ; 
you  will  find  that  it  does  not 
depend  upon  the  size  of  the 
tube  provided  that  the  tube  is 
always  long  enough. 

The  instrument  is  called  a 
barometer  because  it  enables 
us  to  measure  the  weight  or 
pressure  of  the  atmosphere. 
The  space  in  the  tube  above 
the  mercury  is  as  near  an 
approach  to  a  vacuum  as  we 
can  obtain  :  it  is  called  the 
Torricellian  vacuum,  after  Torri- 
celli,  by  whom  the  experiment 
was  devised.  The  barometric 
height  varies  from  time  to  time 
and  from  place  to  place  accord- 
ing to  the  changes  of  the  at- 
mospheric pressure.  We  shall 
adopt  a  pressure  equal  to  that 
of  a  column  of  mercury  76 
centimetres  high  as  the  standard  atmospheric  pressure. 

51.  Belation  between  Volume  and  Pressure  of  a 
Gas  at  Constant  Temperature. — We  have  now  seen  that 
the  pressure  exerted  by  the  atmosphere  at  any  time  may  be 
conveniently  measured  and  expressed  as  being  equal  to  the 
pressure  exerted  by  a  column  of  mercury  so  many  centimetres 
or  inches  in  height ;  or,  more  briefly,  as  being  equal  to  so 
many  centimetres  or  inches  of  mercury.  We  have  next  to 
find  how  the  volume  of  a  given  quantity  of  gas  is  affected  by 
any  change  in  the  pressure  exerted  upon  it. 


Fig.  36. 
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EXPT.  19. — Choose  a  long  glass  tube  of  uniform  bore: 
clean  it  carefully,  close  one  end  in  a  blow-pipe  flame  and  bend 
the  tube  as  shown  in  Fig.  37.  The  open 
limb  should  be  at  least  a  metre  long. 
Fasten  the  tube  to  an  upright  board  and 
pour  into  it  sufficient  mercury  to  close  the 
bend.  Tilt  the  tube  so  as  to  allow  a  little 
air  to  escape  from  the  closed  limb,  and 
thus  bring  the  mercury  to  the  same  level 
in  both  limbs.  By  pouring  more  mercury 
into  the  open  limb  we  can  now  find  out  the 
effect  of  varying  the  pressure  upon  the  air 
shut  off  in  the  closed  limb. 

But  before  doing  this  consider  what  is 
the  existing  pressure  upon  the  enclosed  air. 
The  pressure  at  B  (Fig.  38)  is  the  same 
as  the  pressure  at  D,  both  being  in  the 
same  horizontal  plane.  But  the  pressure 
at  B  is  that  due  to  the  enclosed  air ;  while 
the  pressure  at  D  is  that  of  the  air  outside 
(the  atmospheric  pressure).  Let  us  suppose 
that  the  height  of  the  barometer  is  76 
centimetres  :  then  the  pressure  on  the  en 
closed  air  is  equal  to  that  of  a  column  of 
mercury  76  cm.  high. 

Now  pour  mercury  into  the  open  limb 
of  the  tube  until  the  difference  of  level 
(D'C)  between  the  closed  and  open  limbs 
is  76  cm.  This  difference  in  level  measures 
the  difference  in  pressure  between  the  air 
outside  and  the  enclosed  air.  The  latter  is 
now  subjected  to  an  extra  pressure  of  76 
cm.  of  mercury  in  addition  to  that  pre- 
viously existing.  You  have  increased  the 
pressure  upon  it  from  one  atmosphere  to 
two  atmospheres,  and  you  will  find  that  the 
volume  of  the  air  is  in  consequence  reduced  F;_ 

to  one-half.      If  you  were  to  increase  the 
pressure  to  three  atmospheres,  you  would  see  that   the  volume 
would  be  reduced  to  one-third,  and  so  on. 
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Again,  when  the  pressure  upon  a  gas  becomes  less,  its 
volume  becomes  greater.  If  the 
pressure  is  reduced  to  one  -half 
the  volume  becomes  doubled  ;  and 
if  the  pressure  is  reduced  to  one- 
third  the  volume  becomes  three 
times  as  great,  and  so  on.  All 
this  is  on  the  supposition  that  no 
change  takes  place  in  the  temper- 
ature of  the  gas. 

By  such  experiments  Boyle 
was  led  to  discover  the  following 
law  :  — 


Fig.  38. 


52.  Boyle's  Law. — The  volume 
of  a  given  mass  of  gas  is  inversely 
proportional  to  its  pressure. 

Thus   if  v  be   the  volume  of  a  given   mass  of  gas  at  a 
pressure  p,  and  i/  its  volume  at  another  pressure  p' ',  then 

v'  \v  = 


\v=p  \p'  ) 

*ji    \ 

v        '       } 


and 


p' 
p'v'  =pv       .  (£). 

At  any  other  pressure  p",  the  volume  v"  of  the  gas  would 
be  such  that 

P"v"  =zpv. 

Thus  Boyle's  Law  may  be  put  into  the  following  form  :  — 
The  product  of  the  pressure  into  the  volume  of  a  given  mass 
of  gas  (kept  at  a  constant  temperature)  is  a  constant  quantity. 

If  we  call  v  the  old  volume  of  the  gas  and  v'  the  new 
volume,  p  the  old  pressure  and  p'  the  new  pressure,  then 
equation  (a)  may  be  expressed  by  the  relation 

new  volume     old  pressure 
old  volume     new  pressure 

Ex.  i.  —  The  volume  of  a  quantity  of  gas  is  measured  when  the  barometer 
stands  at  72  centimetres,  and  is  found  to  be  646  cubic  centimetres:  what 
would  its  volume  be  at  the  normal  pressure  ? 
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By  the  normal  pressure  is  meant  the  standard  atmospheric  pressure 
equal  to  76  cm.  of  mercury.  If  v  be  the  required  volume  at  this 
pressure,  then  by  Boyle's  law. 

v       72 
646~76 

646  x  72 

and  .*.   v=—      —  =6i2c,c. 

76 

Ex.  2.  — At  what  pressure  would  the  gas  in  the  preceding  question  have 
a  volume  of  580  cubic  centimetres  ? 

The  required  pressure  is  given  by  the  equation 

p  _646 

72  "580 

and   is   therefore  equal   to   the   pressure   due   to  a  column  of  mercury 
S£|£=8o.x9  cm.  high. 

In  what  is  stated  above  it  is  supposed  that  the  temperature 
of  the  gas  is  kept  constant  ;  we  now  proceed  to  consider  the 
effect  of  heating  a  gas. 

53.  Equal  Expansion  of  G-ases. — We  have  already 
seen  that  heat  causes  both  liquids  and  gases  to  expand,  and 
we  found  from  Expt.  1 1  that  different  liquids  have  different 
coefficients  of  expansion  :  the  following  experiment  will  show 
us  that  this  is  not  true  of  gases : — 

EXPT.  20. — Choose  two  flasks  of  equal  capacity  (as  in  Expt. 
1 1 ),  fitted  with  corks  and  narrow  tubes.  Bend  the  tubes  so 
that  they  may  dip  under  water  contained  in  a  dish.  Fill 
two  equal  test-tubes  with  water  and  invert  them  over  the 
open  ends  of  the  tubes.  Have  ready  some  hot  water  and  a 
tin  trough  deep  enough  to  contain  the  flasks.  Before  putting 
the  flasks  in  position  fill  one  of  them  with  coal-gas  by 
upward  displacement  ;  or  you  may  fit  it  with  another  tube 
and  clip  and  drive  a  current  of  coal-gas  through  it.  Pour 
hot  water  into  the  trough  until  the  flasks  are  covered 
up  to  the  corks.  The  contents  of  both  flasks  expand 
rapidly — far  more  rapidly  than  the  liquids  in  Expt.  II. 
The  increase  of  volume  can  be  measured  by  the  amounts 
of  gas  collected  in  the  two  test-tubes.  You  will  find  that 
these  amounts  are  equal.  And  if  you  repeat  the  experiment 
with  hydrogen,  oxygen,  or  nitrogen,  you  will  always  get  the 
same  result. 

We  learn  from  this  (i)  that  gases  expand  more  rapidly  than 


64  HEAT 


liquids  ;  (2)  that  equal  volumes  of  these  gases  expand  equally 
when  heated  through  the  same  interval  of  temperature  —  in 
other  words,  that  they  have  the  same  coefficient  of  expansion. 

54.  Belation  between  Volume  and  Temperature 
at  Constant  Pressure.  —  Experiments  made  by  Charles, 
and  soon  afterwards  by  Gay-Lussac,  have  established  the 
following  law  :  — 

Charles's  Law.  —  The  volume  of  a  given  mass  of  gas,  kept  at 
a  constant  pressure,  increases  by  a  definite  fraction  of  its 
amount  at  0°  for  each  degree  rise  in  temperature. 

This  fraction  is  called  the  coefficient  of  expansion  of  the 
gas.  For  all  the  gases  referred  to  above  (air,  oxygen, 
hydrogen,  nitrogen)  its  value  is  0-00366,  or  about  JL  . 

Thus  if  we  take  a  quantity  of  gas  whose  volume  at  o°  is  I 
(unity),  its  volume  will  become 

I  +  _L  at  i°, 
273 


and  i  +  -  —  at  /°. 

Or  if  we  denote  by  V0  the  volume  at  o°  and  by  Vt  the 
volume  at  /°,  then 


If  we  adopt  the  symbol  a  to  denote  the  coefficient  of  expan- 
sion, we  may  put  equation  (i)  into  the  algebraical  form 
^  Vr  =  V0(i+a/)     .          .  .          .    (2); 

^^  from  which  we  obtain 


an  equation  by  which  we  can   find  the  volume  at  o°  when  the 
volume  at  /°  is  given. 
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*Ex.  i. — A  certain  quantity  of  oxygen  gas  occupies  a  volume  of  300 
c.c.  at  o°  :  find  its  volume  at  91°. 

The  required  volume  is  given  by  the  equation 


V91  =  300 (  i  +  M  =  300  x  ^  =  400  c.c. 


Ex.  2.  —  The  volume  of  a  certain  quantity  of  gas  is  27-3  c.c.  at  o°  and 
30  c.  c.  at  27°  :  what  is  its  coefficient  of  expansion  ? 
Let  a  denote  the  required  coefficient  ;  then 
30=27-3  (1  +  270) 
=  27-3  +  27-3  x  2701 
2-7  ___  i_ 

'"27.  3x27^273' 

Ex.  3.  —  What  would  be  the  volume  at  o*  of  a  mass  of  gas  which  at  78° 
occupies  a  volume  of  9  litres  ? 

According  to  equation  (3)  the  required  volume  is 

v          9  273  x  9 

I+  78      273  +  78' 
273 


55.  The  student  should  make  himself  quite  familiar  with 
Charles's  law  and  the  equations  which  are  deduced  from  it. 
Special  attention  should  be  paid  to  the  following  points  in  the 
statement  of  the  law  :  — 

(a)  l  Kept  at  a  constant  pressure.'  —  These  words  are  in- 
serted because  the  law  only  holds  good  if  the  pressure  remains 
constant  :  if  it  varies,   the   volume  also  varies   according  to 
Boyle's  Law  (Art.  52). 

(b)  '  For  each   degree.'  —  -The   increase  of  volume  is   pro- 
portional to  the  rise  of  temperature. 

(c)  The  coefficient  of  expansion  (which  is  defined  by  the 
statements  at  the  beginning  of  Art.    54)  is  the  same  for  all 
the  gases  named.     This  is  in  accordance  with  Expt.  20. 

(d)  c  Of  its  amount  at  oV  —  Just  as  a  certain  pressure  (76 
cm.    of  mercury)    is    adopted    as    the    standard    atmospheric 
pressure,  so  this  temperature  (o°)  is  adopted  as  the  standard 
or  normal  temperature  for  measuring  the  volume  of  a  gas,  and 
the  value  of  the  coefficient  of  expansion  is  stated  with  reference 

F 
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to  this.     If  you  are  given  the  volume  at  20°  you  are  not  at 
liberty  to  say  that  at  21°  the  volume  will  have  increased  by  the 

same  fraction  (  ~\     You  must  either  find  by  equation  (3)  its 

volume  at  o°,  and  then  by  equation  (2)  its  volume  at  21°,  or 
you  may  proceed  as  follows  :  — 

Given  the  volume  Vt  of  a  mass  of  gas  at  t°,  to  find  its  volume 
Vt'  at  t'°. 

As  in  equation  (2)  we  can  refer  the  volumes  at  both  tem- 
peratures to  the  volume  VQ  at  o°,  thus 

V,  =  V0 

and  V,  =  V0 

It  follows  that 


Since  a  =  —  we  may  write  equation  (4)  in  the  form 
273 

V,=  i+/'/273     273  +  ^  /^ 

V,       I+//273     273  +  / 

which  is  convenient   for  calculation.      (See  the  next  Article. 
Compare  what  is  above  stated  with  the  footnote  on  pp.  40,  41.) 

56.  Absolute  Temperature.  —  Charles's  law  holds  good 
not  only  for  expansion  on  heating  but  also  for  contraction  on 
cooling.  Thus  if  the  volume  of  a  certain  mass  of  gas  at  o° 
be  i  (unity)  its  volume  on  cooling  would  become 


and  '-at-'°- 

Now  suppose  the  gas  to  be  cooled  down  10  —  273°:  if  this 
were  possible,  and  if  the  law  held  good  down  to  this  tempera- 
ture, the  volume  of  the  gas  would  be  reduced  to  zero  (for 

I  "~^~=  *  —  I  =  o).     This  temperature  (—  273°)  is  commonly 
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called  the  absolute  zero  of  temperature.  A  scale  of  tem- 
peratures in  which  this  is  taken  as  the  zero  is  called  the  absolute 
scale  of  temperature,  and  temperatures  reckoned  according 
to  this  scale  are  called  absolute  temperatures.  Clearly  the 
absolute  temperature  corresponding  to  any  given  temperature 
on  the  Centigrade  scale  will  be  found  by  adding  273  to  it. 
Thus  the  following  are  corresponding  temperatures  : — 
CENTIGRADE  SCALE.  ABSOLUTE  SCALE. 

-273°          .  .  o° 

o°  .  273° 

i°  .          .      274° 

100°          ....  .      373° 

273°         ...  .      546° 

f         .  .      T  =  273°  +  '° 

It  will  now  be  seen  that  the  numerator  and  denominator  on 
the  right-hand  side  of  equation  (5)  represent  respectively  the 
absolute  temperatures  corresponding  to  t'°  and  f  on  the  Centi- 
grade scale ;  denoting  these  by  T  and  T  we  may  write  the 
equation  in  the  form 

^  =  !'  .(6); 

V       T 

or,  The  volume  of  a  given  mass  of  gas  is  proportional  to  its 
absolute  temperature. 

Ex.  4. — 15  litres  of  air  are  cooled  from  27°  to  7°  :  by  how  much  will 
the  volume  diminish  ? 

The  absolute  temperature  corresponding  to  27°  C.  is  273°  +  27°  =  300°  ; 
and  the  absolute  temperature  corresponding  to  7°  C.  is  273°  +  7° 
=  280°.  Let  V  be  the  volume  of  the  air  at  the  lower  temperature  ; 
since  the  volumes  are  proportional  to  the  absolute  temperatures, 

V  _28o_i4 
•*  15"  300"  15' 

or  V=i4  litres. 

Thus  the  volume  of  the  air  becomes  i  litre  less. 

Ex.  5. — At  what  temperature  will  the  volume  of  a  given  mass  of  gas 
be  exactly  double  of  what  it  is  at  17°? 

The  absolute  temperature  corresponding  to  17°  is  273°+  17°  =  290°. 
If  T  be  the  required  temperature  on  the  absolute  scale,  we  must 
have 

—  =  - 
zgo~  i 

and  :.  T  =  580°.       This   corresponds    to   a    Centigrade   temperature   of 
580°  -273°  =  307°. 
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57.  Relation  between  Pressure  and  Temperature 
at  Constant  Volume.—  We  have  hitherto  supposed  the  gas 
to  be  kept  at  constant  pressure  under  such  conditions  that  it 
is  free  to  expand  as  its  temperature  rises.  Suppose  now  that 
instead  of  keeping  the  pressure  constant  we  keep  the  volume 
constant  ;  what  will  happen  when  the  gas  is  heated  ?  It  will 
exert  an  increasing  pressure  upon  the  walls  of  the  vessel  in 
which  it  is  contained,  and  experiment  shows  that  the  pressure 
increases  in  the  same  way  and  at  the  same  rate  as  the  increase 
of  volume  discussed  in  Art.  31.  We  have  thus  to  distinguish 
between  two  sets  of  conditions  under  which  a  gas  may  be 
heated,  with  the  corresponding  effects  — 

CONDITION.  EFFECT. 

(1)  Constant  Pressure    .      Increase  of  Volume  (according 

to  Charles's  law). 

(2)  Constant  Volume      .      Increase  of  Pressure  (according 

to  the  same  law). 

For  the  second  case  we  may  therefore  put  Charles's  law  in 
the  following  form  :  — 

The  pressure  of  a  given  mass  of  gas,  kept  at  constant 
volume,  increases  by  a  definite  fraction  of  its  amount  at  o°  for 
each  degree  rise  in  temperature. 

This  fraction  is  called  the  coefficient  of  increase  of  pressure 

at  constant  volume  ;  its  value  is  the  same  (—  \  as  that  of  the 

\273/ 

coefficient  of  increase  of  volume  at  constant  pressure.  If  we 
substitute  P  for  V  in  any  of  the  equations  given  above  (i  to  6) 
they  will  apply  equally  to  change  of  pressure  at  constant 
volume.  Thus  if  we  denote  by  PQ  the  pressure  at  o°,  and  by 
Pt  the  pressure  at  /°,  equations  (2),  (4),  and  (6)  become 
respectively 

P,=  P0(i+oO  .  .      (7), 


and  P7^T      *  '      (9)* 

Ex.  6.  —  The    pressure  inside  a  steel   cylinder  containing  compressed 

oxygen  is  measured  by  means  of  a  manometer,  and  is  found   to  be  30 
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atmospheres  at  a  temperature  of  27°.  The  cylinder  is  now  surrounded 
by  a  freezing  mixture,  which  reduces  the  temperature  to  -  13°,  and  the 
pressure  falls  to  26  atmospheres.  Find  the  coefficient  of  increase  of 
pressure. 

Let  a  denote  the  required  coefficient.      By  equation  (8)  we  have 

Pgy       30 


i-i3a~P_13~26  ' 
.'.26  (1  +  27^  =  30  (i-i3a), 
or  26  +  7020  =  30  —  3900, 

or  10920  =  4, 

4          i 

and  a=  —  L—  =  -  . 

1092     273 

58.  Differential  Thermometer.  —  We  may  here  refer  to 
an  instrument  called  the  differential 
thermometer,  a  convenient  form  of 
which  is  shown  in  Fig.  39.  The 
U-tube  in  the  centre  contains  enough 
coloured  water  to  fill  each  limb  to  a 
height  of  a  couple  of  inches.  Each 
limb  is  connected  by  a  short  piece 
of  rubber  tubing  with  a  glass  tube 
having  a  bulb  at  the  end.  If  one 
of  the  bulbs  —  say  the  left-hand  one 
—  be  warmed,  the  air  in  it  will  ex- 
pand and  force  the  liquid  column  p. 

or  index  down  in  the  left-hand  limb 

in  the  U-tube  and  up  in  the  right-hand  limb.  The  differential 
air-thermometer  gives  us  an  easy  and  delicate  means  of  finding 
whether  there  is  any  difference  of  temperature  between  two 
liquids  and  will  be  used  for  this  purpose  in  Expt.  22.  If 
there  is  any  difference,  the  index  moves  downwards  on  the 
side  nearer  the  warmer  liquid  ;  if  both  liquids  are  at  the  same 
temperature  the  index  remains  at  rest. 

A  simple  but  serviceable  form  of  differential  thermometer 
can  be  made  from  a  couple  of  small  glass  flasks  and  a  piece 

of  tubing  bent  six  times  at  right  angles,  thus  :  The 

cross-tube  and  stop-cock  shown  in  the  figure  are  not  absolutely 
necessary,  but  are  useful  for  equalising  the  pressures  in  the 
two  bulbs  and  levelling  the  index  at  any  time.  The  plan  of 
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joining  on  the  side-pieces  by  rubber  tubing  makes  it  possible 
to  twist  the  tubes  round  and  use  the  differential  thermometer 
with  the  bulbs  turned  upwards.  This  is  convenient  for  certain 
experiments  in  radiation  (see  Fig.  93,  p.  162). 

59.  The  Air-Thermometer. — After  what  we  have  said 

about  changes  of  pressure  and 
volume,  you  will  be  able  to 
understand  why  we  cannot 
use  the  air-thermoscope  (de- 
scribed in  Arts,  i  o,  1 1 )  as  a 
thermometer.  The  atmos- 
pheric pressure  changes  from 
time  to  time,  causing  altera- 
tions in  the  volume  of  the 
contained  air  independently 
of  changes  of  temperature  ; 
thus  when  the  external  pres- 
sure increases  the  column  of 
liquid  is  forced  up  the  tube 
just  as  it  is  when  there  is  a 
fall  of  temperature.  And 
beside  all  this,  the  very  move- 
ment of  the  liquid  column 
alters  the  pressure  so  that  it 
never  remains  constant. 

The   so-called    differential 
air -thermometer  described  in 
the    last  Article   is   generally 
used    simply  for    finding   out 
whether  one  body  is  hotter  or 
colder  than  another,  and  very 
rarely  for  measuring  the  difference  in  temperature  between  them. 
What  is  properly  called  an  air-thermometer  is  shown  in 
Fig.  40.     The  air  is  contained  in  the  bulb  B,  which  is  con- 
nected by  a  capillary  tube  C  with  a  wider  glass  tube  T  fixed 
to  a  vertical  stand  :  T'  is  a  similar  tube,  which  can  be  moved 
up   and   down  and   adjusted   at   any  height.      T   and    T'   are 
connected  below  by  a  strong  india-rubber  tube,  and  the  U-tube 
thus  formed  is  filled  with  mercury  to  about  the  level  TT'. 
The  gas  contained  in  the  bulb  need  not  necessarily  be  air  ; 


Fig.  40. 


58-59  EXPANSION  OF  GASES  71 

in  fact,  hydrogen  and  nitrogen  possess  certain  positive  advan- 
tages over  air.  The  term  air-thermometer  may  therefore  be 
understood  as  meaning  any  kind  of  gas-thermometer. 

The  air-  thermometer  can  be  used  as  indicated  below  for 
measuring  temperatures  in  two  distinct  ways,  of  which  (i) 
is  perhaps  the  best. 

(i)  As  a  constant-volume  air-thermometer.  In  this  case 
a  knowledge  of  the  coefficient  of  increase  of  pressure  at 
constant  volume  (Art.  57)  is  assumed,  and  temperatures  are 
measured  by  observing  the  changes  of  pressure  which  they 
produce,  the  volume  of  the  air  being  always  kept  the  same. 

Let  the  bulb  B  be  surrounded  by  melting  ice.  Let  the 
height  of  the  barometer  at  the  time  be  H.  Raise  or  lower 
the  tube  T'  until  the  mercury  in  it  stands  (as  in  the  figure)  at 
the  same  level  as  in  T.  This  is  not  absolutely  necessary,  but 
it  will  be  convenient  for  us  to  suppose  that  at  the  start  the 
pressure  of  the  air  inside  the  bulb  is  the  same  as  the  atmos- 
pheric pressure  :  thus  x 

P0  =  H. 

Now  let  the  bulb  be  exposed  to  any  higher  temperature 
which  we  wish  to  measure.  The  air  within  it  expands,  forcing 
the  mercury  down  in  the  tube  T  and  up  in  T'.  The  rise  of 
temperature  has  not  only  increased  the  pressure  but  has  also 
increased  the  volume.  In  order  to  reduce  the  volume  to  its 
original  amount  we  must  raise  the  tube  T'  so  as  to  increase 
the  pressure  until  the  mercury  in  T  rises  to  the  level  where  it 
stood  at  o°.  Now  measure  off  the  difference  in  level  between 
the  mercury  columns  in  T'  and  T  :  let  it  =  h.  The  pressure 
on  the  air  enclosed  in  the  thermometer  is 
P,  =  H-M. 

Further  if  a  be  the  coefficient  of  increase  of  pressure  of  air 
at  constant  volume, 


Thus  H-M  =  H  (i+a/)  =  H  +  Ha/, 

and  the  required  temperature  is 


(2)  As  a  constant-pressure  air-thermometer.     In  this  case 
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the  portion  of  the  tube  T  in  which  the  expansion  takes  place 
must  be  graduated,  and  we  require  to  know  its  volume  as  well 
as  the  volume  of  the  bulb.  The  pressure  is  kept  constant, 
e.g.  it  may  be  kept  equal  to  the  atmospheric  pressure  by 
adjusting  the  height  of  the  tube  T'  so  that  the  level  of  the 
mercury  in  it  is  always  the  same  as  in  T. 

6O.  Advantages  of  the  Air -Thermometer. — The 
instrument  above  described  possesses  some  obvious  disad- 
vantages as  compared  with  the  mercurial  thermometer.  It  is 
bulky  and  not  easily  moved  about.  On  account  of  the  size 
and  thermal  capacity  of  the  bulb  it  could  not  be  used  for  such 
work  as  measuring  specific  heats.  It  requires  the  use  of 
another  instrument  (a  barometer)  to  follow  any  changes  in  the 
atmospheric  pressure,  and,  before  any  measurement  of  temper- 
ature by  it  is  complete,  sundry  corrections  and  calculations  (in 
addition  to  those  above  indicated)  have  to  be  made. 

But  it  possesses  the  following  advantages  which  render  it 
the  standard  instrument  for  the  accurate  measurement  of 
temperatures  (especially  high  temperatures)  and  for  checking 
the  indications  of  other  forms  of  thermometer  : — 

(1)  Gases    are    more    expansible    than    liquids    and    very 
much  more  expansible  than  solids  such  as  glass.      Hence  the 
apparent  expansion  of  a  gas  in  a  glass  vessel  is  not  only  large 
but    is    practically  identical  with    its    real    expansion.       Any 
allowance  which  has  to  be  made  for  the  expansion  of  the  glass 
itself  takes  the  form  of  a  small  correction  which  need  not  be 
very  accurately  known. 

(2)  Its  range  is  very  much  greater  than  that  of  any  ther- 
mometer which  depends  upon  expansion  of  liquids  :  it  is,  in 
fact,   our  only  means   of  measuring  very  high   or  very  low 
temperatures.      Thus  gas -thermometers   have  been  used  for 
measuring  temperatures  below  that  at  which  alcohol  solidifies 
(-  130°),  and  they  can  be  used  at  temperatures  above  1000° 
(i.e.  far  higher  than  the  boiling-point  of  mercury).     As  glass 
begins  to  soften  at  about  400°,  bulbs  of  porcelain  or  platinum 
have  to  be  used  for  high-temperature  work. 

(3)  The  most  important  merit — not  a  mere  practical  detail 
but   a  matter  of  fundamental  importance — is  the  uniformity 
and  regularity  of  the  expansion  of  gases.     We  have  seen  that 
the    coefficients    of    expansion    of    solids    differ    considerably 
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among  themselves.  Liquids  also  exhibit  variations  in  their 
rate  and  manner  of  expansion  ;  so  that,  although  we  may  have 
reason  for  believing  that  mercury,  for  example,  expands  more 
uniformly  than  other  liquids,  we  cannot  assert  that  any  one 
liquid  expands  with  absolute  uniformity.  On  the  other  hand, 
air,  oxygen,  hydrogen,  and  nitrogen  (excepting  when  near 
their  points  of  liquefaction)  expand  at  the  same  rate  ;  and 
their  coefficients  of  expansion  at  constant  pressure  are  practi- 
cally identical  with  their  coefficients  of  increase  of  pressure  at 
constant  volume.  These  facts  indicate  a  common  simplicity 
in  the  constitution  and  behaviour  of  gases.  There  are  other 
considerations,  partly  based  on  experiment  and  partly  on 
theory  largely  verified  by  experiment,  which  point  in  the  same 
direction.  Into  these  we  cannot  here  enter :  but  we  may 
state  that  there  are  the  strongest  grounds  for  believing  that 
the  gases  above  referred  to  expand  more  uniformly  with  rise 
of  temperature  than  any  other  substances,  and  that  gas-ther- 
mometers are  the  most  reliable  instruments  we  possess  for 
measuring  temperature. 

61.  Measurement  of  Expansion  of  Gases.  —  Gay- 
Lussac  used  a  very  simple  method  for  measuring  the  coefficients 
of  expansion  of  gases.  The  gas  was  enclosed  in  a  large  bulb 
blown  at  the  end  of  a  narrow  glass  tube  (like  a  large  ther- 
mometer-bulb and  stem)  and  was  shut  off  from  the  external 
atmosphere  by  a  short  column  or  thread  of  mercury  in  the 
tube.  The  volume  of  the  bulb  and  of  each  part  of  the  stem 
being  known  by  previous  calibration  (Art.  16),  the  position  of 
the  thread  of  mercury  at  any  temperature  indicated  the  volume 
of  the  gas  at  that  temperature.  Gay-Lussac's  method  is  not 
a  good  one  and  his  experiments  were  defective  in  two 
respects  :  (i)  the  air  and  other  gases  experimented  on  were 
not  dried  with  sufficient  care  before  being  introduced  into  the 
bulb  ;  (2)  the  thread  of  mercury  in  the  tube  did  not  seal  off 
perfectly  the  gas  inside  the  tube  from  the  external  atmosphere. 

Very  careful  measurements  of  the  coefficient  of  expansion 
of  gases  were  afterwards  made  by  Regnault  who  employed 
several  different  methods.  One  of  these  was  essentially  the 
same  in  principle  as  the  method  of  using  the  air-thermometer 
above  described,  the  chief  difference  being  in  the  construction 
and  use  of  the  manometer  (TT). 
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EXAMPLES  ON  CHAPTER  VI 

In  the  following  examples  the  coefficient  of  expansion  of  air  and  other 
gases  may  be  taken  as  — .  The  equations  required  are  given  in  Arts. 

54-57  with  some  solved  examples  ;  but  beginners  will  find  it  well  to  work 
out  the  simpler  questions  (10-16)  in  the  way  the  first  two  are  worked  out 
below,  i.e.  by  applying  Charles's  law  directly.  Students  should  pay 
especial  attention  to  problems  on  the  expansion  of  gases,  because  such 
calculations  have  frequently  to  be  made  in  physical  and  chemical  work. 
The  volumes  of  gases  are  measured  under  varying  pressures  and  generally 
at  temperatures  higher  than  o°.  Just  as  the  particular  pressure  of  76  cm. 
of  mercury  is  taken  as  the  standard  or  normal  atmospheric  pressure,  so  the 
temperature  of  o°  is  taken  as  the  normal  temperature  for  the  measurement 
of  the  volume  of  a  gas.  In  order  to  compare  the  results  of  experiments 
made  under  different  conditions  of  pressure  and  temperature,  it  is  necessary 
to  find  the  volume  which  the  gas  would  occupy  under  a  pressure  of  76 
cm.  of  mercury  and  at  the  temperature  of  o°.  This  process  is  known  as 
'reducing  the  volume  to  the  normal  pressure  and  temperature,"  and  is 
illustrated  in  Ex.  5. 

Examples  6-9  are  on  Boyle's  law  alone;  10-18  on  Charles's  law 
alone  ;  and  the  rest  on  both  laws.  Simultaneous  changes  of  pressure  and 
temperature  can  be  treated  as  though  they  occurred  separately  (See  Exs. 
4  and  5). 

1.  What  change  of  volume  will  be  produced  by  heating  26  litres  of  air 
from  o°  to  21°? 

According  to  Charles's  law  the  increase  of  volume  for  each  degree  rise 
in  temperature  is  (26  x  —  \  litre.     For  a  rise  of  21°  the  increase  is 

26X2i_26_2  lit        SQ  that  the  volume  at  21°  is  26  +  2  =  28  litres. 
273       13 

2.  A  gas-bag  contains  14  cubic  feet  of  coal-gas  at  o°  and  under  a  pres- 
sure of  26  Ibs.  per  square  foot :  if  the  pressure  is  increased  to  28  Ibs.  per 
square  foot  what  will  the  volume  become  ?     To  what  temperature  would 
the  gas  have  to  be  warmed  so  as  to  recover  its  original  volume  ? 

When   the  pressure   increases  from    26   to   28  Ibs.    per  square  foot 
the  volume   diminishes   in  the   inverse  proportion  and   becomes 

14  x  |g=  13  cubic  feet. 

We  have  next  to  find  what  rise  of  temperature  above  o°  would  bring 
back  the  volume  from  13  to  14  cubic  feet.     The  expansion  per 

degree  is  —  =  —  cubic  feet.     The  expansion  for  .x  degrees  would 
273     21 

be  -,  and  this  must  be  equal  to  i  cubic  foot.      Hence  x  =21,  and 
the  required  temperature  is  21°. 
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3.  A  steel  cylinder  placed  in  melting  ice  is  filled  with  compressed 
oxygen  at  a  pressure  of  42  atmospheres  :  if  the  cylinder  is  now  taken 
out  of  the  freezing  mixture  and  allowed  to  stand  in  a  room  at  26°,  what 
will  the  pressure  become  ? 

Since  the  pressure  increases  by  —  of  its  original  value  at  o°  for  every 
degree  rise  in  temperature,  the  pressure  at  26°  will  be 


=  - —^  =  46  atmospheres. 

4.  The  volume  of  a  certain  mass  of  gas  is  145  c.c.  at  17°  and  under 
a  pressure  of  72-5  cm.  of  mercury.  How  will  the  volume  be  affected  if 
the  temperature  falls  to  7°  ?  And  if  the  pressure  further  falls  to  70  cm. 
what  will  be  the  final  volume  ? 

:  V7  denote  the  volum 
By  equation  (5)  we  have 

V7  =  273  +  7  _28o 
145     273  +  17     290 
and  .'.  V7=i40  c.c. 

Again  let  V  denote  the  final  volume  after  the  pressure  has  fallen  from 
72-5  cm.  to  70  cm.     By  Boyle's  law  (Art.  52)  we  have 


140      70 

or  ¥  =  2x72-5  =  145  c.c., 

so  that  the  final  volume  is  the  same  as  the  original  volume. 

5.  On  heating  a  certain  quantity  of  mercuric  oxide  it  is  found  to  give  off 
380  c.c.  of  oxygen  gas,  the  temperature  being  23°  and  the  barometric  height 
74  cm.  :  what  would  be  the  volume  of  the  oxygen  measured  at  the  normal 
pressure  and  temperature  ? 

First  allow  for  the  change  of  pressure,  according  to  Boyle's  law, 
assuming  the  temperature  to  remain  constant.  Since  the  volumes 
are  inversely  proportional  to  the  pressures,  the  gas  would  occupy 

under  a  pressure  of  76  cm.  a  volume  of  380  x  -^=370  c.c. 

Next  allow  for  the  change  of  temperature,  the  pressure  remaining 
constant  and  equal  to  76  cm.  The  absolute  temperatures  corre- 
sponding to  23°  and  o°  are  296°  and  273°  respectively.  At  the 
latter  temperature  the  volume  would  be 


Thus  the  volume  at  the  normal  pressure  and  temperature  would 
be  341    c.c. 
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6.  1 20  c.c.   of  gas  taken  at  the  atmospheric  pressure  is  compressed 
until  the  volume  becomes  20  c.  c.  :  what  is  now  the  pressure  ? 

7.  The  volume  of  a  certain  mass  of  gas  is  found  to  be  400  c.  c.  when 
measured  under  a  pressure  of  57  cm.  of  mercury  :    what  would  be  its 
volume  at  the  normal  pressure  of  76  cm.  ? 

8.  A  litre  of  air  taken  at  the  normal  pressure  (76  cm.)  is  exposed  to  a 
pressure  of  95  cm.  :  what  does  its  volume  become  ? 

9.  Yesterday  I  measured  the  volume  of  a  certain  quantity  of  hydrogen 
gas  and  found  it  to  be  exactly  1-5  litres,  the  barometric  height   being 
77  cm.     To-day  the  gas  occupies  a  volume  of  1540  c.c.  :  what  must  the 
barometric  height  now  be  ? 

10.  A  certain  quantity  of  gas  measures  260  c.c.  at  o°  :  what  would  be 
its  volume  at  63°  ? 

11.  To  what  temperature  must  a  gas  be  heated  in  order  that  its  volume 
may  become  double  of  what  it  is  at  o°  ? 

12.  A  certain  quantity  of  gas  measures  90  c.c.  at  o°  :  at  what  tempera- 
ture will  its  volume  become  1 20  c.  c.  ? 

13.  The  volume  of  a  gramme  of  hydrogen  at  o°  is  11-16  litres  :  what  is 
its  volume  (i)  at  30°,  (2)  at  50°? 

14.  200  cubic  centimetres  of  air  are  heated  from  o°  to  30°  and  at  the 
latter  temperature  the  volume  is  found  to  be  222  c.c.  :  what  value  does  this 
give  for  the  coefficient  of  expansion  of  air  ? 

15.  A  closed  glass  tube  filled  with  air  at  o°  and  under  atmospheric  pres- 
sure is  gradually  heated.      If  the  tube  can  safely  stand  a  pressure  of  3 
atmospheres,  to  what  temperature  may  it  be  heated  ? 

16.  A  litre  flask  contains  1-293  Sm-   °f  au~  at  °°  :  how  much  will  it 
contain  at  ioo°? 

17.  A  certain  quantity  of  gas  occupies  a  volume  of  66  c.c.  at  13°  :  what 
will  be  its  volume  at  52°  ?     At  what  temperature  will  its  volume  be  63 
c.c.? 

1 8.  At  what  temperature  will  the  volume  of  a  given  mass  of  gas  be 
exactly  double  of  what  it  is  at  30°  ? 

19.  The  pressure  upon  a  gas  is  doubled,  and  at  the  same  time  the  tem- 
perature is  raised  from  o°  to  91°  :  how  is  the  volume  altered? 

20.  Find  the  volume  at  the  normal  pressure  and  temperature  of  a 
quantity  of  gas  which  measures  392  c.c.  at  21°,  and  under  a  pressure  of 
80  cm.      [See  Ex.  3.] 

21.  If  3000  cubic  inches  of  air  at  o°  C.  expand  by  n  cubic  inches  for 
each  degree  rise  of  temperature,  find  the  volume  at  100°  of  a  quantity  of 
air  which  at  50°  measures  100  cubic  inches,  the  pressure  being  supposed 
to  undergo  no  change. 

22.  The  pressure  upon  a  gas  is  doubled,  and  at  the  same  time  its  tem- 
perature is  raised  from  13°  to  299°  :  how  does  this  affect  its  volume? 


CHAPTER    VII 
SPECIFIC  HEAT  AND  CALORIMETRY 

62.  Distinction  between  Temperature  and  Heat.— 
We  now  proceed  to  that  branch  of  our  subject  which  is  called 
calorimetry,  and  which  treats  of  heat  as  a  measurable  quantity. 
The  important  difference  between  temperature  and  heat  may 
be  illustrated  by  comparing  it  with  the  difference  between  the 
1  level '  or  height  of  a  cistern  and  the  quantity  of  water  in  that 
cistern.     If  two  cisterns  at  different  levels  are  connected  by  a 
tube,  the  water  will  tend  to  flow  from  the  higher  cistern  to  the 
one  at  a  lower  level :  so  in  the  case  of  two  bodies  in  thermal 
communication,  heat  tends  to  flow  from  the  one  at  a  higher 
temperature  to  the  one  at  a  lower  temperature.     But  you  cannot 
tell  from  the  height  of  the  cistern  how  much  water  there  is  in 
it,  or  how  much  work  you  could  make  the  water  do  by  turning 
a  wheel.      Similarly,  the  thermometer  indicates  the  temperature 
of  a  body,  but  does  not  of  itself  tell  us  how  much  heat  we  can 
get  out  of  the  body.1     You  may  have  a  bucketful  of  hot  water 
and  a  thimbleful  of  water  equally  hot :  they  are  at  the  same 
temperature,  but  it  is  clear  that  the  bucketful  would  give  out 
more  heat  than  the  thimbleful  in  cooling  through  the  same 
number  of  degrees.     And  this  is  equally  true  of  the  amounts 
of  heat    required    to    warm    them    through    equal    ranges    of 
temperature. 

63.  Heat  as  a  Measurable  Quantity. — in  measuring 
lengths  we  express  them  in  terms  of  a  certain  unit  of  length 

1  Avoid  the  use  of  the  term  '  heat  contained  in  a  body.'  It  is  misleading ;  at  any 
rate  it  is  of  no  practical  importance,  for  we  are  only  interested  in  finding  how  much 
heat  is  given  out  or  absorbed  by  a  body  when  it  is  cooled  or  heated,  and  this  obviously 
depends  not  only  upon  its  temperature  at  the  time  but  also  upon  the  temperature  to 
which  it  is  cooled  or  heated. 
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—  the  centimetre  :  we  state  the  mass  of  a  body  as  being  so 
many  grammes  —  using  the  gramme  as  the  unit  of  mass  ;  and 
so,  in  order  to  measure  and  express  quantities  of  heat,  we 
require  to  choose  a  heat-unit^  which  is  defined  as  follows  :  — 

The  unit  of  heat  is  the  amount  of  heat  reqtiired  to  raise  the 
temperature  of  a  gramme  of  water  from  o°  to  i°.  This  is  the 
same  as  the  amount  of  heat  given  out  by  a  gramme  of  water  in 
cooling  from  i°  to  o°  and  is  often  called  a  calorie.  (See  also  p.  87.) 

It  is  clear  that  the  amount  of  heat  required  to  raise  the 
temperature  of  2  grammes  of  water  through  i°  is  twice  as 
great  as  that  required  to  heat  I  gramme  through  i°  —  or  is 
equal  to  2  heat-units  :  to  heat  10  grammes  through  i°  would 
require  10  units  ;  and  so  on,  the  quantity  of  heat  being 
proportional  to  the  mass  of  the  substance  heated. 

Again,  experiment  shows  that  the  amount  of  heat  required 
to  warm  a  body  through  a  given  range  of  temperature  is 
proportional  to  that  range  of  temperature,  i.e.  to  the  number 
of  degrees  through  which  it  is  heated.1  Thus  :  to  heat  I 
gramme  of  water  from  o°  to  50°  we  require  50  units  (the  same 
amount  as  would  be  required  to  heat  50  grammes  from  o°  to 
i°).  To  heat  200  grammes  of  water  from  o°  to  50°  we  require 
200x50=10,000  units.  A  kilogramme  (1000  grammes)  of 
water  in  cooling  from  75°  to  10°  gives  out  1000  x  65  =  65,000 
units  of  heat.  In  general,  the  amount  of  heat  required  to  raise 
m  grammes  of  water  through  0°  is  given  by  the  equation 


64.  Specific  Heat.  —  The  question  now  arises  —  If  we  take 
equal  weights  of  different  substances  and  heat  them  through  equal 
intervals  of  temperature,  shall  we  find  any  differences  between 
the  amounts  of  heat  required?  The  following  experiments 
supply  the  answer  and  show  that  there  are  such  differences  :  — 

EXPT.  2  1  .  —  Apparatus  required  :  A  few  metal  balls  or 
bullets  (with  hooks  attached)  made  of  lead,  iron,  tin,  bismuth, 
etc.  ;  a  cake  of  beeswax  (or  a  mixture  of  beeswax  and 

1  This  statement  is  not  absolutely  true,  but  it  is  sufficiently  near  to  the  truth  for 
our  present  purpose.  It  is  equivalent  to  stating  that  the  amount  of  heat  required 
to  raise  the  temperature  of  a  body  through  i°  is  the  same  whatever  its  initial  tempera- 
ture may  be  ;  and  if  we  assume  this  to  be  true  we  may  define  the  unit  of  heat  as  being 
the  amount  of  heat  required  to  raise  the  temperature  of  a  gramme  of  water  through 
one  degree. 
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vaseline)  about  6  mm.  or  a  quarter  of  an  inch  thick :  this 
may  be  made  by  pouring  the  melted  wax  into  a  flat  dish  or 
by  melting  the  wax  on  the  surface  of  hot  water ;  an  oil-bath. 

Suspend  the  balls  from  strings,  or  on  a  wire  support  (as  in 
Fig.  4 1 ),  and  heat  them  to  about 
150°  in  the  oil-bath.  Drop  them 
simultaneously  on  to  the  wax  cake. 
The  iron  ball  melts  through  first, 
and  is  followed  by  copper,  zinc, 
and  tin.  Lead  is  barely  able  to 
get  through :  the  bismuth  ball 
will  probably  not  get  through  at 
all. 

Now  the  rate  at  which  any  ball 
melts  through  depends  chiefly 
upon  the  amount  of  heat  which 
it  gives  out  in  cooling,  for  this 
determines  how  much  wax  it  will 
melt ;  it  also  depends  upon  the 
density  (Art.  34)  of  the  ball,  for 
the  densest  ball  would  tend  to 
sink  fastest  through  the  melting 
wax,  as  it  would  if  the  balls  were 
thrown  into  treacle.  The  lead  ball  is  heavier  than  any  of  the 
others:  the  density  of  lead  is  11-4,  while  that  of  iron  is  7-2. 
Although  the  lead  is  so  much  heavier  it  does  not  get  through 
nearly  as  quickly  as  the  iron.  We  conclude  from  this  that 
iron  in  cooling  gives  out  more  heat  than  lead  does. 

EXPT.  22. — Place  equal  quantities  (about  400  c.c.)  of 
water  in  two  beakers,  and  in  these  immerse  the  two  bulbs  of 
the  differential  thermometer  (Art.  58).  Take  equal  weights 
( i  oo  grammes)  of  water  and  any  metal,  say  lead  shot,  and  put 
them  in  separate  test-tubes.  Plunge  the  two  test-tubes  into  the 
same  vessel  of  hot  water,  and,  after  keeping  them  there  for  ten 
minutes,  pour  the  hot  lead  into  the  left-hand  beaker  and  the 
hot  water  into  the  other,  moving  the  bulbs  of  the  thermometer 
slightly  so  as  to  stir  the  contents  of  the  beakers.  The  index 
of  the  differential  thermometer  will  move,  showing  that  the 
contents  of  the  right-hand  beaker  have  been  warmed  more  than 
those  of  the  other. 


Fig.  41. 
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We  conclude  from  this  that  the  water  gives  out  more  heat 
than  the  lead  in  cooling  through  the  same  interval  of  tempera- 
ture,1 and  this  is  found  to  hold  for  all  other  metals.  The 
experiment  may  be  varied  by  immersing  equal  weights  of 
different  metals  in  the  two  beakers :  it  will  be  found  that 
similar  differences  exist  among  the  metals.  This  is  expressed 
by  saying  that  every  substance  has  a  distinct  specific  heat, 
and  this  term  is  defined  as  follows  : — 

The  specific  heat  of  a  substance  is  the  ratio  between  the 
amount  of  heat  required  to  raise  a  given  mass  of  that  substance 
through  a  given  interval  of  temperature  and  the  amount  of 
heat  required  to  raise  an  equal  mass  of  water  through  the  same 
interval  of  temperature. 

Thus  when  we  say  that  the  specific  heat  of  mercury  is  ^ 
or  0-033,  we  mean  that  the  amount  of  heat  required  to  raise 
a  given  mass  of  mercury  through  any  interval  of  temperature 
is  only  one-thirtieth  of  the  amount  of  heat  required  to  raise  an 
equal  mass  of  water  through  the  same  interval  of  temperature  ; 
or  that  in  cooling  through  the  same  range  of  temperature 
water  would  evolve  thirty  times  as  much  heat  as  an  equal 
mass  of  mercury. 

We  have  seen  (Art.  63)  that  m  6  units  of  heat  are  required 
to  cause  a  rise  of  temperature  of  6°  in  m  grammes  of  water 
(the  specific  heat  of  which  is  unity).  For  any  other  substance, 
the  specific  heat  of  which  is  less  than  unity  and  equal  to  s 
say,  the  amount  of  heat  required  will  be  less  in  the  same 
proportion  and  will  be  given  by  the  equation  2 

H  =  msO         .          .          .      •    .      (2), 

1  The  fact  that  the  hot  water  really  falls  through  a  somewhat  smaller  range  of 
temperature  only  makes  the  experiment  more  conclusive. 

2  In  this  equation  we  again  assume  that  the  amount  of  heat  required  to  cause  any 
change  of  temperature  is  proportional  to  that  change  of  temperature.     It  will  now  be 
seen  that  this  is  equivalent  to  assuming  that  the  specific  heat  of  a  body  is  a  constant 
quantity.     Here,  as  in  the  case  of  coefficients  of  expansion  (Arts.  24,  43)  this  is  not 
strictly  correct :  the  true  specific  heat  of  a  body  generally  increases  somewhat  as  its 
temperature  rises. 

Equation  (2)  may  be  written  in  the  form 

-  M  H 

~mO°r  ~m(f-fy 

where  f  -  t=6.     The  quantity  ^  thus  defined  may  be  regarded  as  the  mean  specific 
heat  of  the  substance  between  the  temperatures  /  and  f. 
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which  also  expresses  the  amount  of  heat  given  out  by  a  body 
of  mass  m  and  specific  heat  s  in  cooling  through  0°. 

The  following  examples  will  illustrate  the  use  of  this 
important  equation  :  — 

Ex.  i.  —  How  much  heat  is  required  to  raise  the  temperature  of  a 
kilogramme  of  mercury  (specific  heat  =  0-033)  from  20°  to  170°? 

Here     0=  170°  -  20°=  150°,  and  m  =  i  kgm.  =  1000  gm. 

.•.  H  =  tnsO  =  iooo  x  0-033  x  150  =  4950, 
and  the  amount  of  heat  required  is  4950  units. 

Ex.  2.  —  If  342  units  of  heat  are  imparted  to  150  grammes  of  iron 
(specific  heat  =  0-114)  originally  at  10°,  what  will  be  the  final  temperature 
of  the  iron  ? 

If  we  suppose  the  temperature  of  the  iron  to  be  raised  through  0°,  we 
know  that 

342=  150  x  0-114  x  0i 


and  ...0  =  ___=          =  20°. 

.  150x0-114     17-1 
Thus  the  final  temperature  of  the  iron  will  be  io°  +  2O°:=3O0. 

65.  Thermal  Capacity.  —  The  specific  heat  of  a  sub- 
stance depends  only  upon  the  nature  of  the  substance  :  it  does 
not  depend  upon  its  size  or  weight,  any  more  than  its  hardness 
or  colour  does.  The  specific  heat  of  a  brass  button  is  the  same 
as  that  of  a  brass  cannon  —  if  both  are  made  of  the  same  kind 
of  brass.  But  the  quantity  of  heat  required  to  warm  a  body 
through  a  given  range  of  temperature  depends  not  only  upon 
its  specific  heat  (s)  but  also  upon  its  mass  (;«).  The  product 
(ms)  of  these  two  quantities  is  called  the  thermal  capacity  or 
capacity  for  heat  of  the  body. 

By  equation  (2)  the  amount  of  heat  required  to  raise  the 
temperature  of  a  body  through  0°  is 


If  the  rise  of  temperature   is  only  one  degree  (#=i)  the 


amount  of  heat  required  is 


or  is  equal  to  the  thermal  capacity.      We  are  thus  led  to  the 
following  definition  :  — 

The  thermal  capacity  of  a  body  is  measured  by  the  amount 
of  heat  required  to  raise  its  temperature  by  one  degree. 

G 
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Ex.  3. — What  is  the  thermal  capacity  of  a  calorimeter  weighing  100  gm. 
and  made  of  copper  of  specific  heat  0*095  ? 

Since  0*095  *s  ^e  specific  heat  of  copper,  0-095  of  a  heat-unit  is 
required  to  raise  i  gm.  of  copper  i°.  The  amount  of  heat  required 
to  raise  100  gm.  of  copper  i°  is  100  x  O'O95=:9.5  units.  Thus 
the  thermal  capacity  of  the  calorimeter  is  9-5. 

The  thermal  capacity  of  a  body  is  also  frequently  referred 
to  as  its  'water-equivalent.  The  reason  for  using  this  term 
will  become  evident  on  considering  the  meaning  of  the  result 
obtained  in  the  last  Example,  viz.  that  the  thermal  capacity 
of  the  copper  calorimeter  is  9-5.  This  means  that  9-5  units 
of  heat  are  required  to  raise  the  temperature  of  the  calorimeter 
through  i°.  Now  exactly  the  same  amount  of  heat  would  be 
required  to  raise  the  temperature  of  9-5  grammes  of  water 
through  the  same  interval  (i°).  Thus,  considered  with  refer- 
ence to  the  amount  of  heat  required  to  produce  a  given  change 
of  temperature,  the  calorimeter  is  thermally  equivalent  to  9-5 
grammes  of  water.  This  is  precisely  what  is  meant  by  saying 
that  the  'water-equivalent'  of  the  calorimeter  is  9*5  grammes. 

66.  Methods  of  Finding  Specific  Heats.— (i)  The 
Method  of  Mixtures. — The  specific  heat  of  a  substance  may 
be  found  by  heating  it  to  a  known  temperature  and  dropping  it 
into  a  weighed  quantity  of  water  contained  in  a  suitable  vessel 
(called  a  calorimeter).  The  temperature  of  the  water  is  observed 
by  means  of  a  thermometer  before  and  after  dropping  in  the  hot 
substance,  and  from  the  rise  of  temperature  we  can  calculate 
the  amount  of  heat  gained  by  the  water.  This  must  be  exactly 
equal  to  the  amount  of  heat  given  out  by  the  hot  body,  pro- 
vided that  care  is  taken  to  prevent  loss  or  gain  of  heat  from 
surrounding  bodies  during  the  experiment.  Having  thus  found 
how  much  heat  the  substance  gives  out  in  cooling  through  a 
known  interval  of  temperature,  we  can  easily  calculate  its 
specific  heaf.  This  method  is  described  more  fully  below 
(Expt.  23). 

(2)  The  Method  of  Cooling. — The  specific  heat  of  a 
substance  can  also  be  found  by  heating  it  and  allowing  it  to 
cool ;  the  rate  at  which  it  cools  is  observed  and  compared 
with  the  rate  at  which  water  cools  under  similar  conditions. 
For  example,  put  equal  weights  of  water  and  turpentine,  both 
at  50°,  into  two  similar  glass  beakers  or  thin  metal  vessels 
(suspended  by  strings  so  as  not  to  be  influenced  by  surrounding 
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bodies),  and  put  a  thermometer  in  each.  Note  the  time  taken 
by  each  to  cool  from  50°  to  20° ;  you  will  find  that  the  water 
takes  more  than  twice  as  long  as  the  turpentine.  Since  the 
turpentine  cools  under  just  the  same  conditions  as  the  water, 
the  difference  must  be  due  to  its  lower  specific  heat,  which  is 
less  than  half  that  of  water. 

(3)  The  Method  by  Fusion  of  Ice. — The  amount  of  heat 
given  out  by  a  hot  body  in  cooling  to  o°  can  also  be  measured 
by  finding  how  much  ice  it  is  able  to  melt.  This  method  of 
determining  specific  heats  will  be  described  in  the  next 
chapter. 

67.  The  Method  of  Mixtures. — We  now  proceed  to 
show  how  a  rough  measure- 
ment of  the  specific  heat  of 
a  substance  may  be  made 
with  very  simple  apparatus. 
After  performing  one  or 
two  such  experiments  you 
will  more  easily  understand 
what  are  the  sources  of 
error  in  the  method  and 
how  they  can  be  removed 
or  diminished  by  improve- 
ments in  the  apparatus. 

EXPT.  23.— To  find  the 
specific  heat  of  lead  shot  by 
the  method  of  mixtures. — 
Apparatus  required  —  A 
steam-heater  :  this  can  be 
made  by  fitting  a  wide 
test-tube  loosely  into  the 
neck  of  a  corked  flask ;  a 
bent  tube  should  also  be 
fitted  into  the  cork  so  as  Fig>  42> 

to  allow  the  steam  to  escape  (Fig.  42).  A  thermometer.  A 
beaker  holding  about  200  c.c.  to  serve  as  a  calorimeter  :  a 
cylindrical  vessel  made  of  thin  sheet -brass  does  better  as  a 
calorimeter  because  it  absorbs  less  heat ;  a  small  tin  pot,  such 
as  can  be  obtained  at  a  grocer's  or  chemist's  shop  does  fairly 
well. 
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Weigh  into  the  calorimeter  100  grammes  of  water  (or  as 
much  as  will  half  fill  it),  and  place  the  calorimeter  on  a  flat 
cork  or  wrap  it  round  with  wool  or  flannel  (to  prevent  loss  of 
heat  by  conduction).  Put  200  grammes  of  lead  shot  into  the 
test-tube  and  close  the  mouth  of  the  tube  with  a  plug  of 
cotton-wool  to  keep  out  cold  air.  Boil  the  water  in  the  flask, 
and  keep  it  boiling  for  a  quarter  of  an  hour  so  that  the  lead 
may  get  heated  to  the  temperature  of  the  steam.  When  all 
is  ready,  observe  carefully  by  means  of  the  thermometer  the 
temperature  of  the  water  in  the  calorimeter ;  suppose  this  to 
be  9°-6.  Now  remove  the  cotton-wool,  lift  the  test-tube  out 
and  quickly  pour  the  shot  into  the  calorimeter.  Stir  the  water 
gently  by  moving  the  bulb  of  the  thermometer  (or  with  a 
wire  stirrer),  and  note  the  highest  temperature  which  it 
reaches.  Suppose  this  to  be  i4°-9;  we  can  now  calculate  the 
specific  heat  of  the  lead  shot. 

Let  s  be  the  required  specific  heat.  The  lead  has  cooled 
from  100°  to  !4°-9,  i.e.  through  85°-!.  By  equation  (2)  the 
amount  of  heat  it  has  given  out  in  cooling  is 

H  =  200  x  s  x  85.1  units. 

This  has  been  absorbed  by  the  water,  and  has  raised  its 
temperature  from  9°-6  to  i4°-9,  i.e.  through  5°-3  The  amount 
of  heat  required  for  this  is 

H  =  100  x  5-3. 

Since  the  two  quantities  are  equal,  we  have 
200  x  85.1^-=  100  x  5-3, 

and  .-.  s  =  - — —  =  0-031. 

170-2 

Make  similar  experiments  with  iron  (nails),  copper  (short 
pieces  of  thick  wire),  mercury,  glass  (bits  of  glass  rod  or 
tubing),  etc. 

68.  Turning  now  to  the  general  case,  let  m  denote  the 
mass  of  water  contained  in  a  calorimeter  and  /  its  temperature. 
Suppose  that  a  hot  body  of  unknown  specific  heat  S  is  dropped 
into  the  calorimeter.  Let  M  denote  the  mass  of  the  hot  body 
and  T  its  temperature  just  before  it  falls  into*  the  water.  A 
transference  of  heat  takes  place  between  the  hot  body  and 
the  colder  water ;  the  temperature  of  the  body  falls  and  that 
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of  the  water  rises.  This  goes  on  until  both  are  reduced  to  a 
common  temperature  lying  somewhere  between  T  and  /. 
Let  6  denote  this  final  temperature. 

The  hot  body  has  cooled  through  an  interval  of  temperature 
(T  -  0)  and  in  so  doing  has  given  out  an  amount  of  heat  = 
MS(T-0). 

The  water  (the  specific  heat  of  which  is  unity)  has  been 
heated  through  an  interval  of  temperature  (0  -  /)  and  has 
thus  absorbed  an  amount  of  heat  =  m(9  -  t). 

Now  if  we  assume  that  no  transference  of  heat  has  occurred 
during  the  experiment  excepting  that  between  the  hot  body 
and  the  water,  the  amount  of  heat  lost  by  the  one  must  be 
exactly  equal  to  the  amount  of  heat  gained  by  the  other. 
Hence,  equating,  we  have 


^(0-/)      .  .     (3), 

and  the  required  specific  heat  is 

m(d-f) 


S  = 


M(T  -  0)  ' 


69.  Errors  and  Corrections. — In  obtaining  the  above  equation  we 
have  assumed  that  all  the  heat  given  out  by  the  hot  body  goes  to  warm 
the  water,  and  that  there  is  no  loss  of  heat  to  other  bodies  or  any  gain  of 
heat  from  them.  There  might  be  a  gain  of  heat  if  the  bodies  used  in  the 
experiment  were  at  a  lower  temperature,  but  usually  the  reverse  is  the 
case  and  heat  is  lost  in  various  ways.  Thus,  starting  with  the  hot  body, 
heat  is  lost  in  transferring  it  from  the  heater  to  the  calorimeter,  especially 
if  it  is  exposed  for  any  length  of  time  to  the  air.  Hence  the  necessity  for 
smartness  in  this  operation.  In  more  elaborate  forms  of  specific  heat 
apparatus  the  heater  takes  the  form  of  two  concentric  metallic  cylinders 
between  which  steam  is  passed.  The  body  to  be  heated  is  placed  in  the 
space  inside  the  inner  cylinder  and  can  be  dropped  directly  from  this 
position  into  the  calorimeter.  The  calorimeter  is  mounted  so  that  it  can 
be  slid  for  this  purpose  under  the  heater  and  then  immediately  withdrawn. 

Again  the  whole  of  the  heat  given  out  by  the  hot  body  is  not  spent  in 
raising  the  temperature  of  the  water,  but  portions  of  it  are  absorbed  or  lost 
in  the  following  ways  : — 

(i)  Heat  is  absorbed  by  the  calorimeter,  thermometer,  stirrer,  etc. 
These  are  all  in  contact  with  the  water,  and  at  the  beginning  of  the  experi- 
ment are  all  at  the  same  temperature  (/).  They  all  rise  together  to  the 
same  final  temperature  (0),  and  the  heat  absorbed  in  raising  the  temper- 
ature of  each  may  be  calculated  as  follows. 

Suppose  the  calorimeter  to  be  made  of  a  metal  of  specific  heat  si  and 
let  its  mass  be  mv  Then  an  amount  of  heat  m^  (6  - 1}  is  absorbed  in 
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raising  its  temperature  through  the  interval  6  - t}.     This  amount  has  to 
be  added  to  the  right-hand  side  of  equation  (3)  which  now  becomes 

MS(T  -  6}  =  (m  +  misi)  (d-t), 
so  that  the  specific  heat  is 

M  (T-6)       ' 

The  quantity  m^  is  the  water-equivalent  of  the  calorimeter.  It  can 
be  calculated  once  for  all  and  added  to  the  amount  of  water  (m)  used  in 
each  experiment.  The  amount  of  heat  absorbed  by  the  thermometer  and 
stirrer  may  be  allowed  for  in  the  same  way  by  finding  their  water- 
equivalents  and  adding  terms  m^,  mss3  corresponding  to  these. 

Thus  we  have  shown  how  to  allow  for  this  particular  source  of  error. 
It  may  further  be  diminished  by  diminishing  the  thermal  capacity  of  the 
calorimeter,  etc.  This  is  why  calorimeters  are  made  of  thin  sheet  brass  or 
copper  :  and  platinum  is  sometimes  used  on  account  of  its  low  specific 
heat. 

(2)  Heat   is   lost   by  conduction   from   the   calorimeter   to   bodies  in 
contact  with  it.     This  loss  may  be  diminished  by  supporting  the  calorimeter 
on  a  bad  conductor  of  heat  (e.g.  cork)  or  by  hanging  it  up  by  means  of 
silk  threads. 

(3)  Heat  is  lost  by  radiation  from  the  outer  surface  of  the  calorimeter. 
It  will  be  shown  in  Chap.  XIII.  that  smooth  bright  surfaces  have  a  much 
smaller  radiating  power  than  rough  dull  surfaces.      The  outside  of  the 
calorimeter  should  therefore  be  polished  with  fine  emery-paper  from  time 
to  time  so  as  to  diminish  the  loss  by  radiation. 

7O.  Results  and  Applications. — In  the  following  table 
the  approximate  values  of  the  specific  heats  of  a  few  substances 
are  given  : — 

i 


Ice    .  .  .  .     0-5 

Glass  .  .  .     0-2 

Sulphur  .  .  .0-18 

Iron  .  .  .  .0-114 

Copper  .  .  .     0-095 

Lead  .  .  .     0-031 


Water  ....  i-ooo 
Alcohol  .  .  .  0-615 
Turpentine  .  .  .  0-425 
Mercury  .  .  .  0-033 
Air  (at  constant  pres- 
sure) .  .  .  0-237 


Observe  that  mercury  has  a  very  low  specific  heat.  This 
is  another  reason  in  favour  of  its  use  in  thermometers.  When 
we  wish  to  find  the  temperature  of  a  hot  liquid  and  dip  a 
thermometer  into  it,  the  bulb  and  its  contents  absorb  some 
heat,  and  so  the  liquid  is  slightly  cooled  :  but  the  amount  of 
heat  so  absorbed  by  a  mercurial  thermometer  is  much  less 
than  it  would  be,  for  example,  if  the  bulb  were  filled  with 
water. 

Water  has  a  higher  specific  heat  than  any  other  liquid  or 
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solid.  For  this  and  other  reasons  the  sea  is  not  warmed  to 
nearly  the  same  extent  as  land  by  the  sun's  rays  ;  nor  does  it 
cool  so  rapidly  when  they  are  absent.  As  the  air  above  it 
partakes  of  its  temperature,  it  follows  that  islands  and  places 
on  or  near  the  sea-coast  enjoy  a  more  equable  climate  than 
inland  places.  The  differences  between  summer  and  winter 
temperatures  in  our  island  are  only  about  half  as  great  as  the 
corresponding  differences  in  regions  of  central  Russia  which 
are  in  the  same  latitude. 

On  account  of  its  high  specific  heat,  water  not  only  cools 
slowly  but  gives  out  a  large  amount  of  heat  in  the  process. 
Among  familiar  applications  of  this  we  may  mention  hot  water 
bottles,  the  foot-warmers  used  in  railway  carriages,  and  the 
systems  of  heating  by  hot-water  pipes  commonly  used  in  green- 
houses and  public  buildings. 


EXAMPLES  ON  CHAPTER  VII 

Read  Arts.  64,  65,  and  68  again  before  you  attempt  to  work  these  out. 
The  specific  heats  required  may  be  taken  from  the  table  in  Art.  70.  You 
will  generally  find  that  the  best  and  simplest  method  of  solving  a  specific 
heat  problem  is  the  method  we  adopted  in  working  out  the  results  of 
Expt.  23.  Find  the  amounts  of  heat  given  out  by  the  hot  substance  and 
taken  in  by  the  cold  substance  :  if  no  heat  is  lost  or  gained  in  the  experi- 
ment, these  must  be  equal  and  can  be  equated. 

Where  masses  are  expressed  in  pounds  (as  in  Exs.  7  and  8)  use  as 
your  unit  of  heat  the  amount  of  heat  required  to  raise  theitemperature  of 
i  Ib.  of  water  through  one  degree.  This  unit  is  called  the  '  pound-degree ' 
and  is  still  in  common  use  in  English-speaking  countries. 

1.  A  certain  vessel  holds  800  c.  c.  of  water  at  its  temperature  of  maximum 
density  (4°).     How  much  heat  must  be  imparted  to  the  water  before  it 
begins  to  boil  ? 

2.  How  many  units  of  heat  are  required  to  raise  the  temperature  of 
--/Ti  50  gm.  of  copper  from  10°  to  150°? 

3.  What  is  the  thermal  capacity  of  a  leaden  bullet  weighing  TOO  gm.  ? 
_     What  special  name  is  given  to  the  thermal  capacity  of  unit  mass  of  a 

substance  ? 

4.  Compare  the  amount  of  heat  required  to  raise  the  temperature  of  a 
kilogramme  of  mercury  through  90°  with  the  amount  required  to  heat  300 
grammes  of  water  through  10°. 

5.  What  is  the  water-equivalent  of  a  copper  calorimeter  weighing  40 
grammes  ? 

6.  Find  the  specific  heat  of  a  substance  125  gm.  of  which  at  78°,  when 
immersed  in  250  gm.  of  water  at  12°,  gave  a  resulting  temperature  of  18°. 
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7.  What  is  meant  by  saying  that  the  '  specific  heat  '  of  water  is  thirty 
times  as  great  as  that  of  mercury  ?     If  a  pound  of  boiling  water  be  mixed 
with  3  Ibs.    of  ice-cold  mercury,  what  will  be  the  temperature  of  the 
mixture  ? 

8.  Two  pounds  of  boiling  water  are  poured  upon  10  Ibs.  of  mercury  at 
/i  6°  :  what  will  be  the  common  temperature  after  mixing? 

9.  If  a  kilogramme  of  mercury  at  120°  is  poured  into  a  vessel  contain- 
ing 200   gm.   of  ice-cold  water,  what  will  be  the  temperature  after  the 

^vhole  is  mixed  ?     How  would  the  weight  and  material  of  the  vessel  affect 
Xthe  result  ? 

10.  How  is  the  climate  of  the  British  Isles  affected  by  the  high  capacity 
for  heat  of  water  ? 

11.  30  grammes  of  iron  nails  at  100°  are  dropped  into  60  gm.  of  water 
/at  13°'  2,  and  the  final  temperature  is  found  to  be   17°  '8  :   what  is  the 

specific  heat  of  the  nails  ? 

12.  A  body  of  mass  M  and  specific  heat  S  at  a  temperature  T°  is 
dropped  into  a  mass  m  of  a  liquid  of  specific  heat  s  at  f  :  prove  that  the 
final  temperature  is 


13.  Compare  the  thermal  capacities  of  equal  volumes  of  water  and 
mercury,  the  density  of  mercury  being  13-6. 

14.  A  flask  containing  half  a  litre  of  mercury  at  o°  is  immersed  in 
boiling  water  and  allowed  to  remain  there  until  the  mercury  has  attained 
the  temperature  of  the  water.     How  many  heat-units  does  it  gain  from 
the  water? 

15.  What  is  meant  by  the  statement  that  the  specific  heat  of  platinum 
is  0-03  ? 

In  order  to  ascertain  the  temperature  of  a  furnace,  a  platinum  ball 
weighing  80  grammes  is  introduced  into  it  :  when  this  has 
attained  the  temperature  of  the  furnace  it  is  quickly  transferred 
to  a  vessel  containing  400  grammes  of  water  at  15°.  The  tem- 
perature of  the  water  rises  to  20°  :  what  was  the  temperature  of 
the  furnace  ? 

1  6.   105  grammes  of  copper  are  heated  to  98°-  5  and  mixed  with  90 
^^grammes  of  water  at  io°-3.     The  temperature  after  mixing  is  found  to  be 
1  9°.  2  :  what  is  the  specific  heat  of  the  copper? 

17.  The  density  of  air  is  0-001293  and  its  specific  heat  at  constant 
pressure  is  0-237.  Explain  precisely  what  these  statements  mean,  and 
find  how  many  litres  of  air  would  be  raised  i°  in  temperature  if  all  the 
heat  given  out  by  a  litre  of  water  in  cooling  through  i°  were  imparted  to 
the  air.  Mention  any  applications  of  your  results. 

1  8.  Calculate  the  specific  heat  of  a  solid  from  the  following  data:  A 
fragment  of  it,  weighing  150  grammes,  is  heated  to  100°  C.  ,  and  put  into 
500  grammes  of  water  at  12°  C.  ,  contained  in  a  vessel  whose  heat-capacity 
is  equivalent  to  40  grammes  of  water  ;  the  temperature  of  the  whole  thereby 
becomes  15°  C, 


CHAPTER   VIIJ 
CHANGE  OF  STATE— FUSION  AND  SOLIDIFICATION 

71.  Fusion. — We  have  seen  that  the  application  of  heat  to  a 
solid  causes  a  rise  of  temperature  and  an  increase  in  size  :  in 
most  cases,  when  the  temperature  is  raised  sufficiently,  the 
solid  is  converted  into  a  liquid.     This  change  of  state  is  called 
melting    or    fusion.      Thus   ice  melts   at   o°   to   form   water : 
sulphur  melts  to  a  yellow  liquid  when  heated  somewhat  above 
the  boiling-point  of  water.      Crystals   of  iodine  placed   in  a 
flask    and    gently  heated    over    a   flame    melt    to   an   almost 
black    liquid  ;  this    on    further    heating    undergoes   a   further 
change  of  state  and  boils,   filling  the  flask  with  a  splendid 
purple  vapour. 

There  are  some  substances,  such  as  carbon  and  lime,  which 
have  not  yet  been  fused  because  we  are  not  able  to  heat  them 
to  a  sufficiently  high  temperature.  Others,  such  as  iron,  glass, 
sealing-wax,  and  pitch,  before  they  become  liquid  pass  through 
an  intermediate  stage  in  which  they  are  plastic  and  can  be 
easily  moulded  into  any  shape.  It  is  in  this  intermediate  stage 
that  the  glass-blower  works  glass  before  the  blowpipe  and  the 
smith  works  and  welds  wrought-iron. 

72.  Melting-Points. — But,  in  general,  the  change  from  the 
solid  to  the  liquid  state  is  well  marked  and  occurs  at  a  definite 
temperature.     This   is    called  the  temperature   of  fusion 
or  the  melting-point  of  the  substance.     The  reverse  change — 
solidification — takes  place  at  the  same  temperature,  provided 
the   liquid  is  stirred  or  shaken  as  it  is  cooled  ;  and  thus  we 
speak  of  o°  C.  either  as  the  melting-point  of  ice  or  the  freezing- 
point  of  water.     As  this  is  taken  as  one  of  the  standard  points 
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in  measuring  temperature,  you  should  convince  yourself  by  some 
such  experiments  as  the  following  that  it  is  really  a  fixed  point. 

EXPT.  24.  — Pound  some  clean  ice  and  put  it  in  a  funnel :  pour  on  it 
some  water  to  wash  it,  and  then  immerse  a  thermometer  in  it  as  in  Art.  13. 
Read  off  the  height  of  the  mercury. 

Put  the  ice  into  a  beaker  and  pour  water  on  it.  Stir  both  well  round 
with  the  thermometer.  Observe  that  (so  long  as  any  ice  is  left)  the  ther- 
mometer indicates  the  same  temperature  as  when  put  into  melting  ice,  and 
that  this  temperature  does  not  depend  upon  the  proportion  of  ice  and 
water  in  the  mixture. 

Repeat  the  experiment  with  hot  water.  This  melts  some  of  the  ice,  but 
is  itself  cooled  thereby.  Warm  the  mixture  with  a  lamp.  Remove  the 
lamp  and  stir  the  ice  and  water  well  up.  As  long  as  any  ice  is  left  the 
temperature  does  not  rise  above  o°. 

EXPT.  25.- — Add  a  little  common  salt  to  the  ice  and  water  in  the  pre- 
ceding experiment.  The  thermometer  will  fall  below  o°.  The  salt  lowers 
the  melting-point  (see  Art.  76).  Clean  ice  should  therefore  be  used  in 
marking  the  lower  fixed  point  of  a  thermometer. 

EXPT.  26. — To  find  the  melting-point  of  beeswax.  Draw 
out  a  piece  of  glass  tubing  (or  a  test-tube)  before  the  blowpipe 
into  a  fine  tube.  Cut  off  a  piece  about  2  inches  long  and 
seal  up  one  end  in  the  flame.  Introduce  a  few  small  pieces 
of  the  wax  into  the  tube.  Cut  a  couple  of  rings  off  the  end 
of  a  narrow  india-rubber  tube  and  by  means  of  these  fasten 
the  tube  on  to  a  thermometer  so  that  the  wax  is  near  the  bulb. 
Dip  into  a  beaker  of  water.  Heat  gradually,  stirring  the 
water,  and  observe  the  temperature  (about  65°)  at  which  the 
wax  becomes  transparent  and  the  first  drop  runs  down  the  tube. 
This  is  the  melting-point. 

In  the  case  of  substances  which  melt  at  higher  temperatures 
sulphuric  acid  may  be  used  in  the  beaker  instead  of  water. 
TABLE  OF  MELTING-POINTS. 

Bismuth       .          .         .     265° 
Cadmium    .         .         .     320° 


Mercury       .         .          .   -  38° 
Ice      .         .          .          .         o° 


Beeswax       .          .          .       65 
Sulphur        .         .         .115° 


Lead  .         .         .     330° 

Cast-iron  .    1200° 


Tin     .         .         .         .     230° 

Mixtures  and  alloys  generally  melt  at  lower  temperatures  than  their 
constituents.  Thus  an  alloy  of  bismuth,  lead,  tin,  and  cadmium,  known  as 
Rose's  fusible  metal,  melts  at  about  70°.  The  melting-points  of  its  con- 
stituents are  all  above  200°  :  but  a  slip  of  the  alloy  placed  in  boiling  water 
fuses  readily. 

73.  Heat  Absorbed  in  Melting. — When  heat  is  applied 
to  a  mixture  of  ice  and  water  the  ice  gradually  melts,  but  the 
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temperature  remains  at  o°  provided  the  mixture  is  constantly 
stirred.  As  the  heat  does  not  produce  any  rise  of  temperature 
it  must  be  spent  in  converting  the  ice  into  water.  The  heat 
thus  spent  in  producing  change  of  state  without  change  of 
temperature  is  called  the  latent  heat  of  fusion,  and  may  be 
defined  as  follows  : — 

The  latent  heat  of  fusion  of  ice  (or  the  latent  heat  of  water) 
z's  the  amount  of  heat  required  to  convert  unit  mass  (one  gramme) 
of  ice  at  o°  into  water  at  the  same  temperature. 

The  latent  heat  of  water  is  80  :  by  saying  this  we  mean 
that  80  units  of  heat  are  required  to  melt  i  gramme  of  ice  at 
o°  without  raising  its  temperature. 

Think  over  this  in  connection  with  frosts  and  thaws.  Try 
to  realise  that  before  a  single  pound  of  ice  can  be  melted,  as 
much  heat  must  be  imparted  to  it  as  would  raise  80  Ibs.  of 
water  through  i°,  or  I  Ib.  of  water  from  o°  to  80°;  and  that 
before  a  single  pound  of  ice  can  be  frozen,  the  same  amount  of 
heat  must  be  taken  away  from  it.  This  will  help  you  to  under- 
stand how  roads  remain  covered  with  half -frozen  slush  long 
after  a  thaw  has  set  in  ;  and  how  it  takes  several  frosty  nights 
to  freeze  over  a  pond  or  lake.  (See  also  Arts.  46  and  115.) 

74.  Measurement  of  Latent  Heat  of  Water. — This 
can  be  measured  by  putting  a  known  quantity  of  ice  into 
warm  water  and  observing  how  far  the  temperature  of  the 
water  falls.  This  enables  us  to  find  at  once  how  much  heat 
is  absorbed  from  the  water  in  melting  the  ice.  The  amount 
of  hot  water  taken  should  be  more  than  sufficient  to  melt  the 
whole  of  the  ice.  (One  gramme  of  ice  in  melting  cools  80 
grammes  of  water  through  i°  or  10  grammes  through  8°.) 

EXPT.  27. — To  find  the  latent  heat  of  water.  Weigh  out 
150  grammes  of  water  at  about  40°  into  a  beaker  or  calori- 
meter (such  as  was  used  in  Expt.  19).  Note  the  total 
weight  of  calorimeter  and  water.  Weigh  out  (roughly)  about 
60  grammes  of  pounded  ice.  Dry  it  quickly,  first  with  a 
towel  and  then  with  blotting-paper.  After  taking  the  tempera- 
ture of  the  water,  pour  in  the  ice :  stir  it  round  with  the 
thermometer  (or  a  wire  stirrer)  and  observe  the  lowest  tempera- 
ture reached  when  all  the  ice  is  melted.  Now  weigh  the 
calorimeter  and  its  contents  again  ;  the  increase  of  weight  tells 
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us  how  much  ice  has  been  put  in.  We  shall  suppose  that  this 
is  50  grammes,  and  that  the  final  temperature  of  the  water 
is  10°. 

Now  let  x  be  the  latent  heat  of  fusion  that  we  wish  to  find  ; 
i.e.  the  number  of  heat-units  required  to  melt  i  gramme  of 
ice.  Clearly  50^-  are  required  to  melt  50  grammes.  Further, 
the  50  grammes  of  ice-cold  water  thus  produced  have  been 
warmed  up  from  o°  to  10°  :  this  requires  a  further  supply  of 
50  x  10=  500  units. 

The  whole  of  the  heat  thus  absorbed  has  been  supplied  by 
150  grammes  of  water  in  cooling  from  40°  to  10°,  in  which 
process  we  know  that  150x30  =  45  oo  heat-units  are  given  out. 

Thus  50^+500  =  4500, 

.*.  50^=4000  and  ;r=8o. 

Thus  the  latent  heat  as  determined  by  our  experiment  is  80. 
The  sources  of  error  in  the  above  experiment  are  much  the 
same  as  those  in  the  method  of  measuring  specific  heats  by 
mixture  (Art.  69). 

Turning  now  to  the  general  case,  let  us  suppose  that  m 
grammes  of  melting  ice  are  melted  by  being  dropped  into  M 
grammes  of  water  at  a  temperature  of  T°.  Let  t°  denote  the 
temperature  to  which  the  water  falls  and  .r  the  required  latent 
heat  of  fusion  of  ice.  In  cooling  from  T°  to  /°  the  water  has 
given  out  M(T  -  /)  units  of  heat.  Of  this,  mx  units  are 
absorbed  in  melting  m  grammes  of  ice.  The  remainder  is 
absorbed  in  raising  the  temperature  of  the  m  grammes  of 
water  thus  produced  from  o°  to  t°  :  this  requires  mQ  units. 
(The  student  is  especially  cautioned  against  omitting  this 
latter  quantity  in  calculations  on  latent  heat.)  Assuming,  as 
in  Art.  68,  that  there  is  no  loss  or  gain  of  heat  from  external 
bodies,  we  have, 

Heat  absorbed 

^  Heat  evolved 

by  water  in  cooling. 
in  liquefaction  +  in  warming. 

mx+mt  M(T-/), 


M(T  - 

and  .-.  x=—  ^ 
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75.  Ice- Calorimeters. — You  will  now  be  able  to  under- 
stand how  it  is  possible  to  determine  the  specific  heat  of  a  sub- 
stance by  finding  out  how  much  ice  it  can  melt  in  cooling  down 
(say)  from  100°  to  the  temperature  of  melting  ice  (o°).  For 
when  we  know  this  we  know  how  much  heat  the  substance  has 
given  out — every  gramme  of  ice  melted  corresponding  to  80 
units  of  heat  evolved. 

Black  (who  discovered  the  law  above  referred  to)  used  an 


Fig.  44. 


Ice-Calorimeters. 


ice-calorimeter  of  the  very  simple  form  shown  in  Fig.  43.  The 
hot  body  was  dropped  into  a  hole  scooped  out  of  a  block  of  ice, 
which  was  immediately  covered  with  another  slab  of  ice. 
The  amount  of  ice  melted  was  estimated  by  weighing  or 
measuring  the  water  produced.  Lavoisier  and  Laplace 
improved  the  ice -calorimeter  and  gave  it  the  form  shown 
in  Fig.  44.  The  hot  body  is  dropped  into  the  inner  vessel, 
which  is  made  of  perforated  metal :  the  heat  which  it  gives 
out  in  cooling  melts  some  of  the  ice  in  the  middle  vessel, 
and  the  water  thus  produced  is  run  off  by  the  stopcock 
at  the  bottom  and  measured.  The  outer  vessel,  also  filled 
with  ice,  simply  serves  as  a  screen  to  protect  the  middle 
vessel  from  the  surrounding  atmosphere,  which  would  otherwise 
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gradually  melt  the  ice  in  it.     The  way  in  which  the  results  are 
worked  out  will  be  understood  from  the  following  example  : — 

A  copper  ball  weighing  600  grammes  was  heated  to  100°  and  introduced 
into  an  ice-calorimeter.  The  water  produced  was  found  to  weigh  72 
grammes.  Find  the  specific  heat  of  copper. 

Let  s  be  the  required  specific  heat.  By  equation  (2),  Art.  37,  the 
amount  of  heat  given  out  by  the  copper  in  cooling  from  100°  to 
o°  is  msQ  =  6oo  xsx  100.  This  was  entirely  spent  in  melting  72 
grammes  of  ice,  for  which  purpose  we  know  that  72  x  80  =  5760 
heat-units  are  required.  These  two  quantities  are  therefore  equal, 
i.e. 

600005=5760, 

and  .'.  5=  ^L—  —  0-096. 

6000 

76.  Solution :  Freezing  Mixtures.  —  Just  as  heat  is 
required  for  liquefaction,  so,  in  general,  heat  is  absorbed  when 
a  substance  is  dissolved  in  water :  if  the  heat  required  for 
solution  is  not  supplied  from  the  outside,  it  is  taken  from  the 
materials  themselves,  which  are  thereby  cooled. 

But  the  process  of  solution  is  not  always  accompanied  by 
a  fall  of  temperature.  We  have  to  remember  that  whenever 
a  solid  is  dissolved  in  water  two  distinct  actions  go  on. 
(i)  There  is  first  the  physical  change  from  the  solid  to  the 
liquid  state  which  is  always  accompanied  by  an  absorption  of 
heat.  (2)  At  the  same  time  there  is  a  chemical  action  due 
to  the  combination  of  the  solid  and  the  solvent,  and  this  is 
accompanied  by  an  evolution  of  heat.  Whether,  in  any  given 
case,  the  temperature  will  rise  or  fall  depends  upon  the  relative 
importance  of  the  two  changes  referred  to.  Several  instances 
are  given  below  in  which  action  (i)  predominates.  On  the 
other  hand  caustic  potash  (KOH)  produces  a  notable  evolution 
of  heat  when  it  dissolves  in  water. 

Calcium  chloride  supplies  a  striking  illustration  of  both 
actions.  This  substance  can  be  obtained  in  two  forms  :  in 
the  one  it  is  anhydrous  (or  free  from  water)  and  in  the  other 
it  crystallises  with  six  molecules  of  water.  The  anhydrous 
salt  [CaCl2]  eagerly  unites  with  water  and  produces  a  rise  of 
temperature.  The  crystalline  salt  [CaCl0  +  6H2O],  on  the 
other  hand,  produces  a  fall  of  temperature  when  it  dissolves 
in  water. 
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EXPT.  28. — Dissolve  a  spoonful  of  common  salt  or  of 
sodium  sulphate,  in  a  cupful  of  water,  stirring  it  up  with  a 
thermometer.  Observe  that  the  temperature  falls  as  the  salt 
dissolves. 

Ammonium  nitrate  shows  this  even  better  than  either  of 
the  substances  named,  and  by  using  the  differential  ther- 
mometer (Fig.  39)  or  the  air-thermoscope  (Fig.  8)  the  cooling 
effect  may  be  made  evident  to  a  large  class. 

Freezing  mixtures,  such  as  are  used  for  the  artificial  pro- 
duction of  ice,  depend  upon  this  principle.  If  ammonium 
nitrate  at  o°  is  mixed  with  an  equal  weight  of  water  at  the 
same  temperature,  the  solution  will  be  found  to  assume  the  low 
temperature  of  —  15°.  Another  common  freezing  mixture  (used 
by  confectioners  in  making  *  ices ')  consists  of  equal  weights  of 
common  salt  and  pounded  ice  or  snow.  In  cases  like  this, 
where  both  materials  are  solid,  there  is  a  double  absorption  of 
heat,  for  (i)  heat  is  absorbed  in  melting  the  ice,  and  (2)  a 
further  supply  of  heat  is  required  to  make  the  salt  dissolve. 

EXPT.  29. — Fill  a  metal  vessel  (tin  pot  or  saucepan,  or 
brass  calorimeter)  with  either  of  the  above-mentioned  freezing 
mixtures  and  place  it  on  a  flat  saucer,  into  which  a  little  water 
has  been  poured.  Stir  the  mixture  with  a  stick.  In  a  few 
minutes  the  water  will  have  frozen,  and  you  will  be  able  to  lift 
up  the  pot  with  the  saucer  frozen  to  it. 

Pour  a  little  water  into  a  test-tube  and  plunge  it  into  the 
mixture,  stirring  it  about  from  time  to  time.  In  about  half 
an  hour  the  water  will  be  converted  into  a  cylinder  of  ice. 
Notice  that  the  outside  of  the  vessel  soon  gets  covered  with 
dew  and  later  on  with  ice  (hoar-frost). 

The  common  practice  of  sprinkling  salt  over  pavements  to 
clear  off  snow  is  in  many  ways  bad.  It  converts  the  snow 
into  a  slushy  freezing-mixture  :  and  even  if  this  is  swept  and 
washed  off,  it  leaves  the  pavement  so  cold  that  the  water  freezes 
on  it  into  a  smooth  and  slippery  sheet  of  ice. 

77.  Expansion  of  Water  on  Freezing. — Most  sub- 
stances contract  on  solidifying,  but  water  is  a  remarkable 
exception  to  this  rule.  It  expands  on  freezing,  10  c.c.  of  water 
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forming  1 1  c.c.  of  ice.      Consequently  ice  is  lighter  than  water 
and  floats  upon  its  surface. 

EXPT.  30. — Fit  a  small  flask  with  a  cork  and  glass  tube  as 
in  Fig.  45.      Put  into  the  flask  a  handful  of  pounded  ice  and 
fill  it  with  coloured  water.      Fit  the  cork  and  tube  into  the 
neck,  pushing  the  cork  down  until  the  water  rises  to  the  level 
of  the  mark  on  the  card.      Put  the  flask  in  a 
basin  of  luke-warm  water.     Observe  the  contrac- 
tion that  takes  place  as  the  ice  melts. 

EXPT.  3 1 . — Blow  a  small  bulb  at  one  end  of 
a  glass  tube  and  draw  the  other  end  out  to  a 
fine  point.  Fill  the  tube  with  water  and  seal  off 
the  point  in  a  blowpipe-flame.  Place  the  bulb 
in  a  freezing  mixture  and  cover  it  with  a  cloth. 
The  bulb  will  soon  burst,  owing  to  the  expansion 
of  the,  water  in  freezing. 

Water  expands  in  freezing  with  almost  irresis- 
tible force.  Not  only  thick  glass  bottles,  such 
as  soda-water  bottles,  but  even  cast-iron  shells 
half  an  inch  thick  are  easily  burst  by  filling  them 
with  water  and  exposing  them  to  the  frost.  Thus 
water-pipes  often  burst  during  frosty  weather,  as 
householders  find  out  to  their  disgust  when  the 
thaw  sets  in  and  their  houses  are  flooded  with 
water.  It  is  usual  to  cover  water-pipes  and 
hydrants  with  straw  and  other  non-conducting  substances  to 
protect  them  from  the  action  of  frost ;  and,  as  running  water 
does  not  readily  freeze,  taps  are  often  kept  open  (in  spite  of 
municipal  regulations  !)  as  long  as  the  cold  weather  lasts. 

Our  winter  frosts  are  of  material  assistance  to  the  farmer 
in  breaking  up  the  soil  ready  for  spring  ploughing.  The 
expansion  of  water  in  freezing  plays  an  important  part  in  the 
process  of  '  denudation,'  by  which  rocks  are  split  up  and 
gradually  crumble  to  the  finest  soil.  It  is  also  responsible  for 
much  of  the  '  weathering '  of  stone  buildings,  a  conspicuous 
example  of  which  is  afforded  by  our  Houses  of  Parlia- 
ment. 


Fig.  45- 
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EXAMPLES  ON  CHAPTER  VIII 

Read  Arts.  73-75  again  ;  also  the  note  at  end  of  Chap.  VII.  When- 
ever weights  are  expressed  in  pounds  (instead  of  grammes)  use  as  your 
unit  of  heat  the  '  pound-degree '  or  amount  of  heat  required  to  raise  the 
temperature  of  i  Ib.  of  water  through  i°. 

The  latent  heat  of  water  may  be  taken  as  80. 


i.   What  will  be  the  result  of  mixing  10  Ibs.  of  snow  at  o°  with  4  Ibs.  of 
water  at  60°  ? 

First  find  whether  all  or  only  part  of  the  snow  will  be  melted.  The 
amount  of  heat  required  to  melt  10  Ibs.  of  snow  would  be 
10x80  =  800  pound-degree  units  of  heat.  The  temperature  of 
the  mixture  cannot  fall  below  o°,  and  4  Ibs.  of  water  in  cooling 
from  60°  to  o°  only  give  out  4  x  60  =  240  pound-degrees,  or  enough 

to  melt  |^=3  Ibs.  of  snow.     Thus  the  result  will  be  a  mixture  of 

DO 

7  Ibs.  of  snow  and  7  Ibs.  of  water,  all  at  o°. 

^2.   How  much  ice  at  o°  will  be  melted  by  1000  gm.  of  boiling  water? 

-  3.   Equal  weights  of  hot  water  and  melting  ice  are  mixed  and  the  result 
is  water  at  o°.     What  was  the  temperature  of  the  hot  water  ? 

-  4.   How  much  hot  water  at  75°  will  just  melt  30  Ibs.  of  ice  ? 

5.  Define  the  latent  heat  of  fusion  of  ice,  and  show  that  its  numerical1 
value  can  be  deduced  from  the  fact  that  when  equal  weights  of  boiling 
water  and  melting  ice  are  intimately  mixed,  the  ice  all  melts,  and  the 
resulting  temperature  is  10°. 

6.  How  many  grammes  of  ice  must  be  dissolved  in  a  litre  of  water  at 
20°  in  order  to  reduce  its  temperature  to  5°  ? 

7.  If  dry  ice,  at  its  melting-point,  be  thrown  into  20  Ibs.  of  water  at 
60°  C.  until  the  whole  weighs  23  Ibs. ,  what  fall  of  temperature  will  have 
been  thereby  produced  ? 

8.  300  grammes  of  melting  ice  are  mixed  with  700  grammes  of  boiling 
water,  and  the  resulting  temperature  is  46°  :  what  is  the  latent  heat  of 
fusion  ? 

9.  A  brass  cylinder  weighing  80  gm.  was  heated  to  100°  and  dropped 
into  an  ice-calorimeter.     The  amount  of  ice  melted  was  9  gm. :  find  the 
specific  heat  of  the  brass. 

10.  Two  copper  balls  of  the  same  weight  and  raised  to  the  same  tern-' 
perature  are  laid,  the  one  on  a  cake  of  slowly-melting  ice,  and  the  other  on 
a  cake  of  wax.     The  latter  sinks  in  the  more  deeply.      What  inference 
would  you  draw  from  this  ? 

11.  Explain  the  statement  that  the  latent  heat  of  water  is  80.     To  a 
pound  of  ice  at  o°  are  communicated  100  units  of  heat  (pound-degrees 
Centigrade).     What  change  of  temperature  does  the  ice  undergo,  and  in 
what  way  is  its  volume  altered  ? 

H 


98  HEAT 


12.  143  grammes  of  water  were  obtained  when  a  kilogramme  of  iron  at 
100°  was  introduced  into  an  ice-calorimeter  :  what  was  the  specific  heat  of 
the  iron  ? 

13.  A  quantity  of  ice  is  thrown  into  a  basin  containing  4  Ibs.  of  water 
at  30°,  and  after  all  the  ice  has  melted  the  temperature  is  found  to  have 
fallen  to  8°  :  how  much  ice  was  thrown  in  ? 

14.  A   loo-gramme  weight   made   of  brass   is   heated   to    100°   and 
dropped  into  an  ice-calorimeter  and  11-25  grammes  of  ice  are  melted  : 
what  is  the  specific  heat  of  the  brass  ? 

15.  What  is  meant  by  a  unit  of  heat?    Taking  the  specific  heat  of  lead 
as  0-031,  and  its  latent  heat  as  5-07,  find  the  amount  of  heat  necessary  to 
raise  15  Ibs.  of  lead  from  a  temperature  of  115°  C.  to  its  melting-point, 
325°  C.,  and  to  melt  it. 

16.  Three  mixtures  (in  equal  proportions)  are  made,  the  first  of  water 
and  ice,   the  second  of  water  and  salt,   and  the  third  of  ice  and  salt. 
Supposing  the  ingredients  to  be  all  at  o°  beforehand,  which  mixture  will 
have  the  highest  and  which  the  lowest  temperature,  and  why  ? 


CHAPTER   IX 

CHANGE  OF  STATE— VAPORISATION  AND 
CONDENSATION 

78.  Evaporation  and  Boiling. — There  are  two  ways  in 
which  a  liquid  may  be  changed  into  a  vapour.  The  first  of  these 
is  the  slow  process  which  is  called  evaporation.  You  have 
doubtless  noticed  that,  if  water  is  left  exposed  in  a  shallow  dish 
or  saucer,  it  gradually  dries  up  or  evaporates.  This  evaporation 
of  water  goes  on  at  all  ordinary  temperatures,  but  most  rapidly 
in  warm  dry  weather.  Alcohol  and  methylated  spirit  evaporate 
more  rapidly  than  water  ;  and  ether  evaporates  so  quickly  that, 
if  you  pour  a  few  drops  on  the  palm  of  your  hand,  the  ether 
will  disappear  in  a  few  seconds,  and  produce  an  intense  sensa- 
tion of  cold. 

The  second  process  is  the  familiar  one  of  boiling  or 
ebullition.  You  should  begin  your  study  of  this  by  boiling 
some  water  in  a  glass  flask.  When  the  cold  water  is  heated, 
the  first  thing  you  notice  is  the  expulsion  of  the  air  which  it 
always  contains  in  solution.  This  makes  its  appearance  in 
the  form  of  minute  bubbles,  which  gradually  ri^e  through  the 
water  and  are  expelled.  Larger  bubbles,  of  steam  or  water- 
vapour,  soon  make  their  appearance,  but  as  they  rise  into  the 
upper  and  cooler  water,  they  condense  and  collapse  with  a 
peculiar  rattling  noise.  This  is  what  causes  the  '  singing '  of  a 
kettle — always  a  sign  that  boiling  is  not  far  off.  Finally  bubbles 
of  steam  begin  to  rise  rapidly  and  freelfcfrom  all  parts  of  the 
water,  and  the  actual  boiling  sets  in  as  soon  as  the  whole  of 
the  liquid  has  been  heated  to  a  certain  temperature,  called  its 
boiling-point.  If  heat  is  still  continuously  supplied  to  the 
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water,  it  is  all  absorbed  in  causing  the  change  from  the  state 
of  liquid  to  the  state  of  vapour,  and  no  further  rise  of  tempera- 
ture occurs.  Observe  that  the  steam  itself  is,  like  air, 
invisible ;  the  cloud  that  forms  above  the  mouth  of  the  flask 
consists  of  condensed  water-particles,  not  water-vapour. 

The  distinction  between  the  two  processes  (evaporation  and 
boiling)  is  this.  Evaporation  goes  on  at  all  temperatures,  but 
only  from  the  stirface  of  the  liquid.  Boiling  consists  in  the 
rapid  production  of  bubbles  of  vapour  throughout  the  mass  of 
the  liquid^  and  only  takes  place  at  a  definite  temperature  (the 
boiling-point  of  the  liquid). 

EXPT.  32. — To  find  the  boiling-point  of  a  liquid.  All  that 
is  needed  for  a  rough  determination  is  a  small  long-necked 


Fig.  46. 


Fig-  47- 


flask  or  test-tube  (Fig.  46),  fitted  with  a  double -bored  cork, 
in  which  are  inserted  the  thermometer  and  a  bent  tube  for 
the  escape  of  the  vapour.  The  thermometer  should  be  pushed 
down  until  the  bulb  nearly  touches  the  liquid,  but  it  should  not 
dip  into  it.  Alcohol  or  methylated  spirit  will  do  well  for  the 
experiment.  If  you  wish  to  recover  the  liquid,  you  can  do  so 
by  connecting  the  bent  tube  to  a  condenser  (see  Art.  84).  If 
the  liquid  boils  by  fits  and  starts,  or  '  bumps,'  you  should  put 
into  the  test-tube  a  few  bits  of  crumpled  tin-foil  or  platinum- 
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foil.  This  will  make  the  boiling  more  regular.  Read  the 
height  of  the  barometer  at  the  time,  and  make  a  note  of  it 
together  with  the  boiling-point  of  the  liquid. 

The  temperature  of  a  boiling  liquid  is  not  so  constant  as 
the  temperature  of  the  vapour  arising  from  it  at  its  boiling- 
point.  Thus  the  temperature  of  water  boiling  in  a  clean  glass 
vessel  may  be  a  degree  or  more  above  the  temperature  of  water 
boiling  in  a  metal  vessel :  but  the  temperature  of  the  steam 
arising  from  the  boiling  water  is  the  same  in  both  cases. 
This  is  why,  in  determining  boiling-points,  the  thermometer  is 
always  immersed  in  the  vapour  and  not  pushed  down  into  the 
liquid. 

A  better  form  of  boiling-point  apparatus  is  shown  in  Fig.  47  ;  this  can 
easily  be  constructed  from  a  long-necked  flask,  a  wide  glass  tube  and  a 
couple  of  corks.  The  "  vapour-jacketing  "  between  the  neck  of  the  flask 
and  the  outer  tube  protects  the  thermometer  and  the  vapour  inside 
from  the  cooling  action  of  the  air.  This  apparatus  can  be  used  instead  of 
that  shown  in  Fig.  1 1  for  determining  the  boiling-point  of  a  thermometer. 

79.  Vapour-Pressure. — When  water  is  introduced  into 
a  closed  space  containing  air  (e.g.  a  corked  flask),  it  goes  on 
evaporating  slowly  until  the  air  contains  as  much  water-vapour 
as  it  can  hold  in  suspension  ;  the  evaporation  then  stops,  and 
the  air  is  said  to  be  saturated  with  water-vapour. 

If  the  water  is  introduced  into  a  vacuous  space  (e.g.  a  flask 
out  of  which  all  the  air  has  been  pumped),  the  evaporation 
goes  on  more  rapidly ;  practically  it  is  instantaneous.  You 
already  know  that  the  vapour  of  boiling  water  (steam)  exerts  a 
pressure  :  it  is  by  this  pressure  of  steam  that  all  steam-engines 
work.  You  have  now  to  learn  that  even  at  ordinary 
temperatures  water-vapour  exerts  a  small 
but  measurable  pressure.  This  pressure 
can  be  observed  and  measured  by  intro- 
ducing water  into  a  Torricellian  vacuum 
(Art.  50). 

EXPT.  33. — Fill  a  barometer-tube  with 
mercury  and  invert  it  as  in  Expt.  18. 
Make  a  bent  pipette,  fill  it  with  the  liquid  Fig.  48. 

to  be  introduced,  and  push  the  curved  point 
of  it  under  the  mercury  and  into  the  tube  (Fig.  48).    Ether  is  the 
best  liquid  to  start  with.     Blow  cautiously  into  the  upper  end  of 
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the  pipette,  so  as  to  make  the  ether  ascend  drop  by  drop,  and 
watch  the  effect.  The  first  drop  will  evaporate  almost  before  it 
reaches  the  vacuum,  and  the  column  of  mercury  will  fall  through 
a  few  centimetres.  This  fall  is  due  to  the  pressure  exerted  by  the 
ether-vapour,  for  there  is  nothing  else  above  the  mercury  column 
to  exert  any  pressure.  As  the  ether  ascends  drop  by  drop, 
the  mercury  falls  lower  and  lower  until  a  point  is  reached,  after 

which  the  introduction  of  more 
ether  does  not  cause  any  further 
depression  :  the  evaporation  stops, 
and  a  layer  of  liquid  ether  is  seen 
resting  on  the  mercury.  Before 
this,  the  space  above  the  mercury 
was  only  partially  saturated  with 
ether -vapour,  or  contained  im- 
saturated  vapour  ;  it  is  now  satur- 
ated^ and  the  vapour  exerts  its 
maximum  pressure^,  e.  the  greatest 
pressure  that  it  can  exert  at  the 
temperature  of  the  room. 

Now  warm  the  tube  cautiously 
by  passing  the  flame  of  a  spirit- 
lamp  along  it :  the  mercury  falls 
lower  and  lower,  showing  that  the 
maximum  vapour  -  pressure  in- 
creases with  the  temperature. 

Perform  the  same  experiments 
with  alcohol  and  water,  cleaning 
the  tube  and  pipette  each  time, 
or  using  fresh  ones.  You  will 
find  that  alcohol  gives  a  much 
smaller  depression,  and  water  a 
smaller  one  still.  Thus  the  vapour- 
pressure  of  a  liquid  depends  ^lpon 
the  nature  of  that  liquid. 

In    Fig.    49    are    shown    four 
tubes    dipping     into    a    mercury 
Fig  49  trough,    the    first    tube    being    a 

reference-tube  containing  mercury 
only  (a  barometer,  in  fact),  and  the  others  containing  water, 
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alcohol,  and  ether  respectively  above  the  mercury.  The 
maximum  vapour-pressure  in  each  case  is  measured  by  the 
depression  produced,  and  is  expressed  as  being  equal  to  so 
many  ( centimetres  of  mercury.'  At  15°  it  is  1-3  cm.  for 
water,  3-3  cm.  for  alcohol,  and  55-4  cm.  for  ether. 

8O.  Saturated  and  Unsaturated  Vapours. — We  may 
here  point  out  the  chief  distinctions  between  the  two  states  in 
which  the  vapour  of  a  liquid  may  exist. 

When  a  vapour  cannot  exist  without  change  in  the  presence 
of  its  own  liquid,  it  is  called  an  unsaturated  vapour.  Such 
a  vapour  behaves  much  like  a  gas,  and  if  its  volume  be 
diminished,  its  pressure  increases  according  to  Boyle's  law 
(Art.  52). 

On  the  other  hand,  a  vapour  which  can  exist  without  change 
in  presence  of  its  own  liquid  is  called  a  saturated  vapour. 
The  pressure  exerted  by  the  vapour  in  this  state  is  called  the 
maximum  vapour-pressure  of  the  liquid,  and  is  the  greatest 
pressure  which  can  be  exerted  by  the  vapour  of  the  liquid  at 
that  temperature.  This  pressure  is  the  same  when  the 
vaporisation  takes  place  into  air  as  when  it  takes  place  in  vacua. 
It  does  not  depend  upon  the  volume  occupied  by  the  vapour. 
Thus  in  Fig.  49  it  is  not  necessary  that  the  tubes  should  be  of 
the  same  length  :  if  they  were  of  different  lengths,  the  de- 
pressions would  be  exactly  the  same.  If  the  trough  were 
deeper,  so  that  any  tube  could  be  depressed  in  it  or  raised  up 
at  will,  the  level  of  the  mercury  inside  the  tube  would  remain 
unaltered. 

Or,  again,  suppose  a  quantity  of  water  and  water-vapour 
(steam)  to  be  contained  in  a  cylinder  closed  by  a  movable 
piston.  Suppose  further  that  the  temperature  of  the  whole  is 
kept  constant,  and  that  no  air  is  enclosed  (the  space  between 
the  water  and  the  piston  being  filled  with  saturated  water- 
vapour).  If  now  the  piston  be  pushed  down,  the  pressure  will 
not  increase  (as  it  would  in  the  case  of  a  gas),  but  some  of  the 
vapour  will  condense  to  water,  the  pressure  remaining  constant. 
If  the  volume  be  increased  by  pulling  out  the  piston,  more  of 
the  water  will  evaporate  to  fill  up  the  space,  and  the  pressure 
will  still  remain  unchanged.  A  saturated  vapour,  then,  does 
not  obey  Boyle's  law. 
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We  may  sum  up  briefly  by  saying  that  a  saturated  vapour 
is  a  vapour  which  is  in  contact  with  an  excess  of  its  own  liquid. 
Its  pressure  depends  only  upon  ( i )  the  nature  of  the  liquid,  and 
(2)  the  temperature. 

In  what  follows,  unless  the  contrary  is  stated,  the  word 
vapour- pressure  will  be  used  as  meaning  maximum  vapour- 
pressure  or  pressure  of  saturated  vapour. 

81.  Vapour-Pressure  and  Temperature. — We  have 
seen  (Expt.  33)  that  vapour-pressure  increases  with  tempera- 
ture. We  shall  now  show  that  at  the  boiling-point  of  a  liquid 
its  vapoiir- pressure  becomes  equal  to  the  pressure  of  the 
atmosphere. 


In  Fig.  50  the 
outer  tube  is  corked 
at  top  and  bottom. 
Through  the  upper 
cork  steam  is  led 
by  the  tube  a  from 
a  flask  or  boiler 
to  the  steam-jacket. 
(An  oil-can  makes 
a  capital  boiler 
for  such  purposes. ) 
The  steam  escapes 
by  the  pipe  b,  which 
passes  through  the 
lower  cork  and  dips 
under  the  mercury. 
The  inner  glass  tube 
should  be  steadied 
by  a  loosely-fitting 
cork  at  c. 


Fig.  50. 

EXPT.  34. — Fill  and  invert  a  barometer-tube  as  in  the  last 
experiment,  and  pass  up  about  I  c.c.  of  water  into  it.     Surround 


8o-8i 


VAPORISATION  AND  CONDENSATION 


105 


it  with  a  '  steam-jacket,'  i.e.  a  wider  tube  through  which  a 
rapid  current  of  steam  is  passed  (Fig.  50).  The  mercury 
column  will  gradually  fall  as  the  tube 
warms  up,  until  finally,  after  the  steam 
has  passed  freely  for  a  few  minutes,  it 
will  have  fallen  just  to  the  level  of  the 
mercury  in  the  trough  outside.  Clearly 
when  this  is  the  case  the  pressures  inside 
and  outside  are  equal.  But  the  pressure 
inside  is  simply  due  to  the  vapour  of 
water  at  its  boiling  -  point ;  and  the 
pressure  outside  is  that  of  the  atmo- 
sphere. 

EXPT.  35. — The  same  fact  may  be  illustrated 
in  another  way  by  means  of  the  apparatus  shown 
in  Fig.  51.  This  consists  of  a  glass  tube  shaped 
like  a  siphon -barometer,  having  one  straight 
long  limb  and  another  short  wide  limb.  The 
tube  contains  mercury,  with  some  water  above 
the  mercury  in  the  wider  limb.  Both  limbs  are 
entirely  freed  from  air  and  are  sealed  off  in  this 
state.  At  ordinary  temperatures  the  level  (a) 
of  the  mercury  column  in  the  long  limb  is  about 
2  cm.  higher  than  that  (b}  in  the  wide  limb. 
This  difference  is  partly  due  to  the  weight  of 
the  layer  of  water,  and  partly  to  the  pressure 
exerted  by  the  vapour  of  the  water  at  the  exist- 
ing temperature.  (See  Table  below. ) 

By  passing  steam  through  the  steam-jacket 
or  mantle  ml  the  contents  of  the  tube  b  can  be 
warmed.  When  this  is  done  the  vapour-pres- 
sure of  the  water  inside  increases  and  gradually 
forces  the  mercury  up  in  the  long  limb  from  a 
to  c.  After  the  steam  has  passed  freely  for 
some  time  measure  the  difference  in  height 
between  the  columns  in  the  two  limbs.  You 
will  find  that  it  is  equal  to  the  height  of  the 
barometer  at  the  time.  Thus  the  vapour - 

pressure  of  water  at  its  own  boiling-point  is  equal  to  the  pressure  of  the 
atmosphere. 

This  result  enables  us  to  define  the  boiling-point  of  a  liquid 
as  follows  : — The  boiling-point  of  a  liquid  is  that  tem- 
perature at  "which  its  vapour-pressure  is  equal  to  the 
pressure  of  the  atmosphere. 


Fig.  51. 
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PRESSURE. 

TEMPERATURE. 

0-46  cm. 

60° 

. 

0-91   , 
i-74  , 

70° 
80° 

; 

3-iS  . 

90° 

. 

5-49  • 

100° 

9-20  , 

PRESSURE. 
14.9  cm. 
23-3  .. 
35-5  .. 
52-5  •• 
76-0  ,, 


The  maximum  pressure  of  water- vapour  at  various  tempera- 
tures is  given  in  the  following  table,  the  pressure  being  ex- 
pressed in  centimetres  of  mercury.  (See  below  and  also  p.  123.) 

TEMPERATURE. 
o° 
10°       . 

20° 
30°          - 

40° 

50°          • 

82.  Influence  of  Pressure  on  Boiling-point. — If  the 
boiling-point  of  water  be  determined  with  a  delicate  thermo- 
meter from  time  to  time,  it  is  found  to  vary  slightly  as  the 
atmospheric  pressure  varies.  The  experiment  in  the  preceding 
article  gives  us  the  key  to  the  connection  between  pressure  and 
boiling-point.  Before  a  liquid  can  boil  it  must  be  heated  to 
such  a  temperature  that  the  pressure  of  its  vapour  is  equal  to 
the  atmospheric  pressure.  Thus  water  boils  at  1 00°  when  the 
atmospheric  pressure  is  equal  to  that  of  a  column  of  mercury 
76  cm.  high.  If  the  pressure  increases  to  77  cm.,  the 
water  must  be  heated  to  a  higher  temperature  before  its 
pressure  becomes  equal  to  that  of  the  atmosphere,  and  so  the 
boiling-point  is  raised  to  ioo°-34.  If  the  atmospheric  pressure 
is  below  the  normal  pressure,  the  boiling-point  is  lowered  : 
thus  water  boils  at  99°-63  under  a  pressure  of  75  cm.  You 
will  now  understand  why  it  is  necessary  to  read  the  barometer 
when  marking  or  testing  the  boiling-point  of  a  thermometer. 

The  corrections  that  have  to  be  applied  for  variations  in  the 
atmospheric  pressure  can  be  seen  from  the  following  table 
which  gives  the  actual  boiling-point  of  water  at  various  baro- 
metric heights.  (Observe  that  any  table  of  boiling-points 
under  varying  pressures  is  also  a  table  of  maximum  vapour- 
pressures  at  varying  temperatures.) 

PRESSURE.  BOILING-POINT. 

74-0  cm.          .....  99°-26 

74-5  99°'44 


75-5 
76-0 

76-5 


99°.82 
100° 
ioo°'i8 
ioo°-36 
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83.  If  you  gradually  ascend  from  the  sea-level  up  to,  say,  the 
top  of  a  mountain,  you  leave  more  and  more  of  the  atmosphere 
below  you,  and  consequently  the  pressure  gradually  becomes 
less.       If   you  took  with    you    a  portable    boiling-point    ap- 
paratus, you  would  find  the  boiling-point  become  lower  and 
lower.     Thus  while  water  boils  at   100°  at  the  sea-level,  its 
boiling-point  is  96°^3  at  the  top  of  Snowdon  (3571  feet  above 
sea-level)  and  85°  at  the  top  of  Mont  Blanc  (15,781  ft.)     In 
Quito,  which  is  the  highest  city  in  the  world  (9520  ft.),  the 
mean  height  of  the  barometer  is  about  52-5  cm.,  so  that  the 
water  boils  at  90°.     The  change  of  boiling-point  in  ascending 
a  mountain  is  one  of  the  ways  (though  not  the  best)  by  which 
its  height  can  be  found. 

The  cooking  and  solvent  powers  of  '  boiling  water '  depend 
upon  the  temperature  at  which  it  boils  :  hence  it  is  scarcely 
possible  to  make  good  tea  at  the  top  of  a  high  mountain.  By 
increasing  the  pressure  we  can  make  water  boil  at  temperatures 
much  higher  than ,  1 00°,  and  so  can  increase  its  solvent  power. 
Thus  gelatine  is  extracted  from  bones  by  boiling  them  with 
water  under  great  pressure  in  a  strong  closed  iron  boiler  called 
a  *  digester.' 

84.  Condensation  and  Distillation. — When  steam  is 
cooled   below  the  boiling-point  it  is  converted  into  water  or 
condenses.      If  a  vessel  in  which  water  is  kept  boiling  is 


Fig.  52. 

connected  with  another  vessel  which  is  always  kept  cool,  the 
steam  from  the  boiling  water  passes  over  into  the  colder  vessel 
and  there  condenses.  This  process  is  known  as  distillation, 
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and  is  used  as  a  means  of  separating  water  and  other  liquids 
from  impurities  which  they  may  contain  in  solution.  Thus  pure 
water  can  be  obtained  from  sea-water  by  distillation,  the  salt 
and  other  soluble  matters  remaining  behind  in  the  still.  Dis- 
tilled water  is  not  very  pleasant  to  drink :  it  tastes  * flat/ 
because  it  contains  but  little  air  in  solution. 

The  usual  form  of  distillation  apparatus  used  in  laboratories 
is  shown  in  Fig.  52.  The  liquid  to  be  distilled  is  placed  in  a 
glass  retort,  which  is  heated  by  a  burner ;  the  neck  of  the 
retort  fits  into  the  condenser,  which  consists  of  a  long  glass 
tube  surrounded  by  a  wider  (but  shorter)  tube  corked  at  both 
ends.  Between  these  two  a  current  of  cold  water  is  kept  flowing, 
so  as  to  cool  and  condense  the  vapour ;  from  the  condenser 
the  distilled  liquid  flows  into  a  flask  or  other  suitable  receiver. 

85.  Boiling  under  Diminished  Pressure. — Referring  to 
the  table  in  Art.  81,  we  see  that  the  maximum  vapour-pressure 
of  water  at  90°  is  52-5  cm.  This  is  equivalent  to  saying  that 
under  a  pressure  of  52-5  cm.  water  would  boil  at  90°. 

Suppose,  then,  that  you  had 
water  at  90°  in  a  flask,  and 
that  by  any  means  you  re- 
duced the  pressure  below 
52-5  cm.,  the  water  would 
now  be  above  its  boiling- 
point,  and  it  ought  to  boil 
without  any  application  of 
heat ;  and  this  ought  to 
occur  at  any  temperature  if 
you  reduced  the  pressure  in 
the  flask  below  the  maximum 
pressure  of  water-vapour  at 
that  temperature.  The  fol- 
lowing experiments  show 
that  this  reasoning  is  cor- 

Fig.  S3-  rCCt  '— 

EXPT.  36  (Franklin's  Experiment). — Half  fill  a  flask  with 
water,  and  boil  it  over  a  naked  flame  so  as  to  drive  out  the  air 
and  fill  the  upper  part  of  the  flask  with  steam.  While  the 
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water  is  boiling  freely,  remove  the  burner,  and  at  the  same 
instant  close  the  neck  of  the  flask  tightly  with  a  well-fitting 
cork  or  rubber  stopper.  Turn  the  flask  upside  down  (Fig.  53) 
and  cool  it  cautiously  by  pouring  cold  water  on  the  bottom  of 
it.  The  water  inside  begins  to  boil,  and  the  more  you  cool  it 
the  longer  the  boiling  continues. 

The  explanation  is  that  by  pouring  on  the  cold  water  you 
cool  and  condense  the  steam,  and  so  lower  the  pressure.  It  is 
a  case  of  boiling  under  diminished  pressure. 

The  flask  used  in  this  and  the  following  experiments  should  be  a  round- 
bottomed  flask  or  'bolt -head';  flat-bottomed  flasks  readily  give  way 
under  the  pressure.  There  is  no  real  danger  in  this,  for  the  flask  does 
not  burst  outwards,  but  simply  collapses  ;  still  it  is  best  to  use  a  small 
one,  holding  about  half  a  pint  (or  300  c.c. ). 

EXPT.  37. — Connect  a  flask  containing  hot  water  with  an 
air-pump,  using  an  intermediate  flask  or  Woulff's  bottle  to 
prevent  the  steam  from  getting  inside  the  air-pump.  On 
working  the  pump  the  water  will  be  found  to  boil  under  the 
reduced  pressure,  getting  colder  as  it  boils. 

A  more  convenient  plan  is  to  use  a  plain  retort  instead  of 
a  flask,  and  a  water-pump  instead  of  the  ordinary  form  of  air- 
pump.  The  neck  of  the  retort  should  be  drawn  out  so  that 
it  may  be  pushed  into  a  thick  rubber  tube  to  connect  it  to 
the  water-pump. 

EXPT.  38. — In  Fig.  54  is  shown  an  arrangement  by  which 
water  can  be  made  to  boil  continuously  under  diminished 
pressure  in  a  flask  connected  with  a  '  reversed  condenser ' 
(ab).  The  following  are  the  results  of  an  experiment  made 
with  this  apparatus  : — 

Temperature  at  which  the  water  foiled   .  .      80° 
Height  to  which  the  mercury  was  sucked 

up  in  the  tube  de  .          .          .  41    cm. 

Height  of  barometer  at  the  time     .          .  .      76-5    ,, 

The  pressure  inside  the  apparatus  was  therefore  41  cm. 
less  than  that  outside,  or  was  equal  to  76-5-41=35-5  cm. 
Thus  water  boils  at  80°  under  a  pressure  of  35-5  cm.  We 
may  also  express  the  result  by  saying  that  the  maximum 
pressure  of  water-vapour  at  80°  is  35-5  cm.  By  pumping  out 
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more  air,  or  by  letting  a  little  enter,  the  pressure  can  be 
altered  and  the  boiling-points  at  different  pressures  found.  It 
is  in  this  way  that  the  vapour-pressure  of  water  at  temperatures 
above  50°  has  been  measured. 

86.  Heat  absorbed  in  Vaporisation. — When  you  boil 
water  its  temperature  does  not  rise  after  it  has  reached  the 
boiling-point,  although  it  is  continually  heated.  What  becomes 
of  the  heat  supplied  to  the  water?  It  is  simply  spent  in 
converting  the  water  into  steam  at  the  same  temperature. 

On  the  other  hand,  when  steam  condenses  to  water,  heat  is 


Fig.  54. — Boiling  under  Diminished  Pressure. 

given  out.  Thus  if  you  hold  a  cold  spoon  in  a  jet  of  steam 
issuing  from  the  spout  of  a  kettle,  the  spoon  will  rapidly  get 
warm  as  the  steam  condenses  upon  it. 

Evaporation  at  ordinary  temperatures,  too,  is  always  ac- 
companied by  absorption  of  heat.  Illustrations  of  this  cooling 
effect  of  evaporation  are  given  in  Art.  90. 

87.  Latent  Heat  of  Steam. — It  is  found  that  a  definite 
quantity  of  heat  is  required  to  convert  a  given  quantity  (say  a 
gramme  or  a  pound)  of  water  at  100°  into  steam  at  100°: 
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this  is  called  the  latent  heat  of  vaporisation,  and  may  be 
defined  as  follows  : — 

The  latent  heat  of  vaporisation  of  water  (or  the  latent  heat  of 
steam)  is  the  amount  of  heat  required  to  convert  unit  mass  (one 
gramme)  of  water  at  1 00°  into  steam  at  the  same  temperature. 

The  latent  heat  of  steam  is  536.  By  saying  this  we  mean 
that  536  units  of  heat  are  required  to  convert  a  gramme  of 
water  at  100°  into  steam  without  raising  its  temperature.  The 
same  amount  of  heat  is  given  out  by  a  gramme  of  steam  in 
condensing  to  water  at  100°. 

88.  Measurement  of  Latent  Heat  of  Steam. — In 
Expt.  27  we  measured  directly  the  amount  of  heat  required 
to  melt  unit  mass  of  ice.  It  would  not  be  easy  to  determine 
by  direct  experiment  the  amount  of  heat  required  to  convert 
unit  mass  of  water  at  100°  into  steam  at  the  same  temperature. 
But  we  can  reverse  the  process  ;  and,  by  observing  how  much 
heat  is  evolved  by  a  known  weight  of  steam  in  condensing, 
we  can  find  the  value  of  the  latent  heat  of  steam  (or  latent 
heat  of  vaporisation  of  water). 

Suppose  that  m  grammes  of  steam  at  100°  are  passed  into 
M  grammes  of  water  originally  at  t°  and  let  the  temperature 
of  the  water  thereby  be  raised  to  t'°.  Let  x  be  the  required 
value  of  the  latent  heat  of  steam  :  then  m  grammes  of  steam 
in  condensing  to  water  at  1 00°  evolve  mx  units  of  heat.  But 
this  is  not  the  whole  of  the  heat  evolved  :  for  at  the  end  of 
the  experiment  the  contents  of  the  calorimeter  are  all  at  /'°. 
Thus  the  m  grammes  of  condensed  water  at  100°  have  been 
cooled  down  to  /'°,  giving  out  in  this  process  a  further  supply 
of  m(ioo  — /')  units  of  heat.  (In  working  out  calculations  on 
latent  heat  care  should  be  taken  not  to  neglect  the  heat  thus 
given  out  in  cooling.) 

The  whole  of  the  heat  thus  supplied  is  spent  in  raising  the 
temperature  of  M  grammes  of  water  from  f  to  /'°.  Equating 
the  amounts  of  heat  evolved  and  absorbed,  we  have 

mx  4-  m(  i  oo  -  /')  =  M(/'  -  /), 
and  therefore  the  required  latent  heat  is 
_M 
m 
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Instead  of  making  use  of  any  such  formula  the  student  is 
advised  to  work  out  all  calculations  from  first  principles,  as  is 
done  below. 

EXPT.  39.  To  find  the  latent  heat  of  steam. — The  method 
consists  in  boiling  water  in  a  flask  and  conveying  the  steam  by 
a  bent  glass  tube  into  a  weighed  quantity  of  water  contained 
in  a  beaker  or  calorimeter  (such  as  was  used  in  Expts.  23 


-  55.—  Heat  Evolved  in  Condensation. 


and  27).  The  increase  in  weight  of  the  water  tells  us  how 
much  steam  has  been  condensed,  and  the  rise  in  temperature 
tells  us  how  much  heat  has  been  given  out  in  the  process. 

Owing  to  the  cooling  action  of  the  air,  some  of  the  steam 
always  condenses  on  its  way  through  the  bent  tube  ;  the  object 
of  the  'trap'  shown  in  Fig.  55  is  to  catch  this  condensed 
water  and  prevent  it  from  getting  into  the  calorimeter.  The 
trap  consists  of  a  wider  corked  glass  tube,  through  which  the 
steam  has  to  circulate  before  passing  down  through  the  nozzle 
into  the  calorimeter  ;  any  condensed  water  remains  at  the 
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bottom  of  this  wider  tube.  A  vertical  screen  (of  tin-plate  or 
cardboard)  should  be  introduced  between  the  flask  and  the 
calorimeter  to  prevent  radiation  of  heat. 

Begin  by  setting  the  water  in  the  flask  to  boil ;  weigh  the 
empty  calorimeter;  pour  into  it  100  to  150  gm.  of  cold  water 
and  again  weigh  carefully.  When  the  steam  is  issuing  freely 
from  the  nozzle  take  the  temperature  of  the  water  in  the 
calorimeter.  Place  the  calorimeter  in  the  position  shown  in 
Fig.  55,  supporting  it  upon  a  wood  block,  so  that  the  nozzle 
dips  well  under  the  water.  The  steam  condenses  with  a  loud 
rattling  noise  and  the  temperature  of  the  water  begins  to  rise. 
Let  this  go  on  until  the  temperature  has  risen  about  20°, 
stirring  the  water  throughout  the  experiment  with  the  ther- 
mometer or  a  wire  stirrer.  When  you  want  to  finish  the 
experiment,  take  away  the  block,  lower  the  calorimeter,  and 
remove  it  from  the  escaping  steam.  Do  this  smartly,  and  note 
the  highest  temperature  attained  by  the  water  before  it  begins 
to  cool.  Now  weigh  the  calorimeter  and  water  again  ;  the 
difference  between  this  and  the  previous  weighing  tells  you  the 
weight  of  steam  condensed.  The  following  are  the  results  of 
such  an  experiment  : — 

Weight  of  water  in  calorimeter       .         .          .       120  gm. 
„        steam  condensed      ....  5    ,, 

Temperature  of  water  before  passing  in  steam          i  o° 
>,  »  after  „  „  .         35° 

Now  let  x  be  the  latent  heat  of  steam :  then  %x  will  be 
the  number  of  heat -units  given  out  by  5  gm.  of  steam  in 
condensing  to  water  at  100°.  The  5  gm.  of  hot  water  thus 
produced  will,  in  cooling  from  100°  to  35°,  give  out  a  further 
supply  of  heat  amounting  to  5x65  =  325  units. 

The  effect  of  this  has  been  to  raise  120  gm.  of  water  from 
10°  to  35°,  for  which  120  x  25  =  3000  heat-units  are  required. 
This  gives  us  the  equation 

Heat  evolved  Heat  absorbed 

.  ^  — ^  in  warming  cold  water, 

in  condensing  +  in  cooling. 

5^+325  3000. 

Thus  5^=3000-325  =  2675. 

and  *=535- 
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According  to  our  experiment,  then,  i  gm.  of  steam  gives 
out  535  heat-units  in  condensing. 

In  Fig.  56  is  shown  a  form  of  apparatus  which  is  better  adapted  for 
accurate  determinations  of  latent  heats  of  vaporisation.  In  this  the  vapour 
of  the  boiling  liquid  passes  directly  through  the  tube  TT  into  the  coiled 
glass  tube  cc  and  the  condensed  liquid  collects  in  the  bulb  R.  The  increase  in 
weight  of  the  tube  and  bulb  gives  the  amount  of  vapour  condensed. 


Fig.  56. 

89.    Laws  of  Ebullition. — We  may  here  sum  up  the 
principal  facts  concerning  the  ebullition  or  boiling  of  liquids. 

I.  When  a  liquid  is  heated  (in  an  open  vessel)  it  begins  to 
boil  at  a  certain  temperature  (called  its  boiling-point),  and 
further  heating  does  not  raise  the  temperature  of  the  liquid, 
but  simply  converts  it  into  vapour. 

II.  This  temperature  is  constant  for  a  given  liquid  as  long 
as  the  pressure  is  constant. 

III.  When   the  pressure  increases  the  boiling-point  rises, 
and  when  the  pressure  decreases  the   boiling-point  becomes 
lower. 
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IV.  A  definite  amount  of  heat  (called  the  latent  heat  of 
vaporisation)  is  absorbed  in  converting  unit  mass  of  a  liquid  at 
the  boiling-point  into  vapour  at  the  same  temperature. 

9O.  Freezing  by  Evaporation.  —  The  following  ex- 
periments illustrate  the  cooling  effect  produced  by  rapid 
evaporation  : — 

EXPT.  40. — Place  a  piece  of  filter -paper  on  top  of  the 
air-thermoscope  (Fig.  7,  p.  12).  Pour  some  ether  on  this.  The 
ether  rapidly  evaporates,  and  as  the  heat  required  for  its 
evaporation  is  taken  from  surrounding  bodies,  it  cools  the 
flask  and  the  air  inside.  The  cooling  effect  is  shown  by  the 
contraction  of  the  air  and  the  rise  of  the  liquid  in  the  tube. 

EXPT.  41. — Place  a  watch-glass  on  a  thin  piece  of  wood, 
with  a  few  drops  of  water  between  them  ; 
pour  ether  into  the  watch-glass,  and  blow 
air  from  a  bellows  over  its  surface  so  as 
to  make  it  evaporate  rapidly.  By  the 
time  the  ether  has  evaporated  the  water 
will  have  been  converted  into  ice.  If 
you  lift  up  the  watch-glass,  you  will  find 
that  the  wood  sticks  to  it,  the  two  being 
frozen  together. 

The  watch-glass  may  with  advantage 
be  replaced  by  a  shallow  capsule,  such  as 
may  be  made  of  sheet  copper  (Fig.  5  7). 

EXPT.  42. — Water  may  be  made  to  evaporate  so  rapidly  as 
to  freeze  by  its  own  evaporation.  This  is  most  simply  done  by 
means  of  Wollaston's  cryophorus  or  '  ice-carrier '),  a  good 
form  of  which  is  shown  in  Fig.  58.  It  consists  of  a  glass  tube 
with  a  bulb  at  each  end.  One  of  these  is  half-filled  with  water  ; 
the  rest  of  the  space  contains  nothing  but  water-vapour,  the 
air  having  been  driven  out  by  boiling  the  water  and  sealing 
up  the  instrument  while  full  of  steam. 

If  the  bulb  A  is  surrounded  by  a  freezing  mixture  (Art. 
76),  the  water- vapour  in  it  condenses ;  more  vapour  flows 
over  from  B  to  take  its  place  and  is  continuously  condensed 
in  A.  So  much  heat  is  taken  from  B  by  this  process,  that  in 
about  half  an  hour  its  contents  will  have  frozen. 
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If  the  water  in  the  cryophorus  more  than  half-fills  the  bulb 
B,    some   of  it   should  be   transferred    to  A :    otherwise    the 
expansion    in   freezing    may  burst    the    glass.       The   freezing 
mixture  should  be  stirred  from  time  to  time.      The  bulb  B 
should    be    covered    with    flannel    or    with    a 
woollen  sock,  and  it  is  well  to  shake  it  slightly 
if  the  freezing  does  not  start  in  due  time. 

The  cryophorus  may  be  regarded  as  a  dis- 
tillation apparatus,  of  which  the  freezing  mixture 
and  bulb  A  form  the  condenser.  There  is  no 
outside  source  of  heat :  the  water-vapour  in 
passing  over  transfers  heat  from  B  to  A,  thus 
cooling  the  water  in  B  to  the  freezing-point, 
and  then  converting  it  into  ice. 


91.  Applications  and  Illustrations. — 
Machines  for  making  ice  artificially  have  been 
constructed  on  the  principles  explained  above. 
In  Carre's  machine  a  bottle  of  water  is  placed 
in  connection  with  a  powerful  air-pump  and 
a  reservoir  containing  strong  sulphuric  acid. 
After  working  the  pump  for  a  few  minutes,  the 
water  begins  to  boil,  the  vapour  is  rapidly 
absorbed  by  the  acid,  and  the  remainder  of  the 
water  freezes  to  a  solid  mass  of  ice. 
Fig.  58.  The  refreshing  effect  produced  by  watering 

a  dusty  road  is  not  due  to  the  laying  of  the 
dust  alone  :  the  water  by  its  evaporation  produces  a  pleasant 
coolness.  The  simplest  way  of  cooling  a  bottle  of  wine  in  hot 
dry  weather  is  to  wrap  round  it  a  wet  towel ;  if  it  is  then  put 
to  stand  in  a  draught  the  rapid  evaporation  of  the  water  will 
cool  it  several  degrees  below  the  temperature  of  the  air  (see 
Expt.  40). 

Our  own  bodies  are  cooled  by  evaporation,  which  when  too 
rapid  produces  chills  and  colds,  such  as  are  often  caught  by 
exposure  to  draughts  or  after  taking  a  warm  bath.  The  air 
expired  from  our  lungs  is  always  charged  with  water-vapour, 
and  from  the  surface  of  our  bodies  water  is  continually  removed 
by  perspiration  and  evaporation.  You  have  probably  noticed 
that  a  dog  when  hot  after  running  quickly  hangs  out  his  tongue, 
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thus  exposing  a  larger  surface  for  evaporation  and  increasing 
the  cooling  effect. 

The  lowest  temperatures  hitherto  attained  have  been 
produced  by  the  rapid  evaporation  of  liquids  with  very  low 
boiling-points  (liquefied  gases). 


EXAMPLES  ON  CHAPTER  IX 
The  latent  heat  of  water  may  be  taken  as  5  36.       5"3^ -" 

1.  Explain  exactly  the  nature  of  boiling.      Is  it  possible  to  make  luke- 
warm water  boil  without  heating  it,  and,  if  so,  how  ? 

2.  How  would  you  measure  the  maximum  pressure  of  alcohol-vapour  at 
a  temperature  of  25°  ? 

3.  How  would  you  distinguish  between  vaporisation  and  ebullition  ? 
Does  the  boiling-point  of  a  liquid  depend  upon  the  pressure  on  its  surface  ? 
Illustrate  your  answer  with  an  experiment. 

4.  How  many  heat-units  are  required  to  convert  50  grammes  of  water 
at  12°  into  steam  at  100°  ? 

5.  A  vessel  containing  30  gm.  of  ice  is  placed  over  a  spirit-lamp  :  how 
much  heat  will  be  required  to  melt  it  and  vaporise  the  water  completely  ? 

6.  The  calorific   power  of  Welsh  steam  coal  is   8240.     How  many 
pounds  of  water  at  100°  could  be  converted  into  steam  by  the  combustion 
of  i  Ib.  of  this  coal  ? 

The  most  convenient  heat-unit  to  employ  here  is  the  '  pound-degree, ' 
or  amount  of  heat  required  to  raise  i.  Ib.  of  water  through 
i°.  536  of  these  units  are  required  to  convert  i  Ib.  of  water  at 
100°  into  steam.  In  the  combustion  of  i  Ib.  of  coal  8240 
units  are  evolved,  or  an  amount  sufficient  to  convert  into  steam 

-~  — 15-4  Ibs.  of  water  at  100°. 

7.  i  Ib.  of  a  certain  sample  of  coal  is  found  to  be  sufficient  to  evaporate 
15  Ibs.  of  water  at  100°  :  how  much  heat  does  it  give  out  in  burning? 

8.  Define  the  terms  '  boiling-point  of  a  liquid '  and  '  saturated  vapour. ' 
State  how  the  pressure  of  saturated  steam  at  different  temperatures  has 
been  measured. 

9.  Steam  at  100°  is  passed  into  100  grammes  of  ice  at  o°.      How 
many  grammes  of  steam  will  be  required  to  melt  the  ice  ? 

10.  How  many  grammes  of  steam  at  100°  must  be  passed  into  200  gm. 
of  ice-cold  water  in  order  to  raise  it  to  the  boiling-point?     What  will 
happen  if  more  steam  than  this  is  passed  in  ? 

11.  State  the  laws  which  govern  the  phenomenon  of  boiling.     What 
precautions  would   you   take   (i)    in  order  to  make   a  liquid   boil  very 
regularly  (2)  to  make  it  boil  at  as  low  a  temperature  as  possible? 

12.  10  gm.  of  steam  at  100°  is  condensed  in  a  kilogramme  (1000  gm.) 
of  water  at  o°,  and  the  temperature  of  the  water  is  thereby  raised  to  6-3°  : 
what  value  does  this  give  for  the  latent  heat  of  steam  ? 
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13.  Distinguish  carefully  between  saturated  and  unsaturated  vapours. 
Into  a  vacuous  cylinder  provided  with  a  piston  there  is  introduced  just 
enough  water  to  saturate  the  space  with  vapour  at  20°.     Describe  fully 
what  happens   (especially  with  regard  to  pressure)   under  the  following 
conditions  : — (i)  The  volume  of  the  space  is  increased  by  pulling  out  the 
piston.     (2)  The  volume  is  diminished  by  forcing  the  piston  down.     (3) 
The  volume  remaining  as  at  first,  the  temperature  increases  to  30°.     (4) 
The  temperature  falls  to  10°. 

14.  Alcohol  boils  at  78°  C.,  its  latent  heat  of  evaporation  is  202,  and  its 
mean  specific  heat,  when  liquid,  is  O'65  ;  calculate  the  least  quantity  of 
water  at  10°  C.  needed  to  condense  100  gr.  of  alcohol  from  vapour  at  78°  C. 
to  liquid  at  15°  C. 


CHAPTER   X 
HYGROMETRY 

92.  Water-vapour  in  our  Atmosphere. — Our  atmos- 
phere consists  mainly  of  a  mixture  of  oxygen  and  nitrogen 
gas :  but  in  addition  to  these  it  almost  always  contains  small 
quantities  of  carbon  dioxide  (carbonic  acid  gas)  and  water- 
vapour.  The  presence  of  water-vapour  in  the  atmosphere  may 
be  shown  as  follows  : — 

EXPT.  43.  —  Place  some  calcium  chloride  [CaCl2]  in  a 
saucer  and  leave  it  exposed  to  the  air.  The  salt  becomes  wet 
on  the  surface  and  gradually  dissolves  in  the  water  which  it 
attracts  from  the  air. 

Substances  like  calcium  chloride  and  sulphuric  acid,  which 
combine  eagerly  with  water,  are  said  to  be  hygroscopic^  and  are 
used  for  drying  air  and  other  gases  (see  Art.  93). 

EXPT.  44. — Dry  the  outside  of  a  glass  tumbler  or  beaker 
and  pour  cold  water  (or  iced  water)  into  it :  take  it  into  a 
warm  room.  The  surface  of  the  glass  becomes  dimmed.  As 
the  air  in  contact  with  it  is  gradually  cooled  the  vapour  present 
is  deposited  upon  it  in  the  form  of  minute  drops  of  water  or 
dew. 

You  must  not  conclude  from  such  experiments  that  the  air 
is  fully  charged  or  saturated  with  water-vapour.  This  seldom 
happens ;  and  when  it  does,  the  air  is  incapable  of  taking  up 
any  more  water-vapour.  Now  common  observation  shows  us 
that,  except  on  very  damp  days,  water  exposed  to  the  air 
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rapidly  evaporates,  as,  for  example,  when  wet  clothes  are  hung 
out  to  dry.  We  conclude,  then,  that  our  atmosphere  generally 
contains  a  certain  proportion  of  water-vapour,  but  seldom 
sufficient  to  saturate  it.  A  good  '  drying '  day  is  one  on  which 
the  amount  of  water-vapour  present  is  far  from  being  sufficient 
to  saturate  the  air ;  but  the  rate  of  evaporation  also  depends 
upon  the  presence  or  absence  of  wind,  for  when  the  air  in 
contact  with  a  moist  surface  is  frequently  renewed  the  moisture 
is  more  rapidly  removed. 

It  is  customary  to  speak  of  the  air  as  being  '  nearly  satur- 
ated '  or  *  fully  charged '  with  water-vapour  :  but  it  would  be 
incorrect  to  suppose  from  such  phrases  that  water -vapour 
'  dissolves '  in  the  air.  The  air  does  not  absorb  water-vapour 
as  a  sponge  takes  up  water.  The  two  things  exist  together 
quite  independently  of  each  other.  Within  a  given  space  the 
evaporation  and  condensation  of  water-substance  goes  on  in 
the  same  way  whether  the  space  contains  air  or  not,  the  rate 
alone  being  affected  ;  and  the  pressure  exerted  by  the  water- 
vapour  is  also  independent  of  the  presence  or  absence  of 
air. 

The  branch  of  Physics  that  deals  with  the  moisture  of  the 
atmosphere  is  called  Hygrometry. 

93.  Absolute  amount  of  Water- vapour. — The  amount 
of  water-vapour  contained  in  a  given  volume  of  air  can  be 
measured  by  slowly  aspirating  the  air  through  a  series  of  tubes 
(Fig.  59)  containing  a  hygroscopic  substance  which  absorbs 
and  retains  the  water.  Any  large  bottle  or  jar  with  a  stop- 
cock at  the  bottom  will  serve  as  an  aspirator  (A).  This  is 
filled  with  water  which,  as  it  runs  out,  draws  a  current  of  air 
through  the  U-tubes  C,  D,  and  E.  These  contain  pumice- 
stone  soaked  with  sulphuric  acid,  and  are  carefully  weighed 
before  and  after  the  experiment :  the  increase  of  weight  tells  us 
the  total  amount  of  water  absorbed.  The  volume  of  air  which 
has  passed  through  the  apparatus  can  be  found  by  measuring 
the  water  which  runs  out  from  the  aspirator.  The  results  are 
expressed  by  saying  that  the  air  contains  so  many  grains  of 
water-vapour  per  cubic  foot,  or  so  many  grammes  per  cubic 
metre.  The  quantity  thus  measured  is  the  absolute  (or 
actual)  amount  of  water-vapour  contained  in  a  given  volume  of 
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the  air  at  the  time  of  the  experiment  and  under  the  conditions 
then  existing. 

Similarly,  by  passing  through  the  apparatus  a  known 
volume  of  air  which  has  beforehand  been  saturated  with  water- 
vapour,  we  can  find  out  how  much  water-vapour  is  required  to 
saturate  a  given  volume  of  air  at  any  temperature. 

94.  '  Wetness '  and  '  Dryness.' — Experiments  -made  in 
the  way  described  above  show  that  the  absolute  amount  of 
water-vapour  contained  in  the  air  at  a  given  time  does  not 


Fig.  59- — Aspirator  and  Drying-Tubes. 


fully  explain  what  we  call  the  *  wetness '  or  '  dryness '  of  the 
air.  For  it  is  found  that  on  cold  misty  days  in  winter,  when 
the  air  appears  quite  damp,  the  amount  of  water-vapour  actually 
present  in  a  given  volume  of  it  is  frequently  less  than  on  a  hot 
summer  day,  when  we  say  that  the  air  '  feels  dry.'  And  the 
reason  is  not  difficult  to  understand.  The  amount  of  water- 
vapour  required  to  saturate  a  given  space  depends  upon  the 
"iemperature,  being  greater  in  hot  weather  than  in  cold.  Now 
we  judge  of  the  '  wetness  '  or  '  dryness  '  of  the  air  by  the  rate  at 
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which  evaporation  goes  on,  and  this  does  not  depend  chiefly 
upon  how  much  water-vapour  the  air  already  contains,  but 
rather  upon  how  much  more  it  can  take  up,  i.e.  how  far  it  is 
from  being  saturated. 

95.  Relative   Humidity.  —  The    apparent    wetness    or 
dryness  of  the  air  depends,  then,  upon  two  things — 

(i)  upon  the  amount  of  water-vapour  actually  present  in  a 
given  volume  of  the  air  (which  we  have  called  the  absolute 
amount  of  water-vapour  or  absolute  humidity), 

and  (2)  upon  the  ratio  between  this  and  the  amount  required 
to  saturate  the  same  volume. 

This  last  is  called  the  Relative  Humidity,  and  may  be 
defined  as  follows  : — 

The  relative  humidity  of  the  air  at  any  time  is  the  ratio 
between  the  amount  of  water-vapour  actually  present  at  the 
time  and  the  amount  which  would  be  required  to  saturate  it  at 
that  temperature. 

Thus,  if  a  given  volume  of  air  is  found  to  contain  an  amount 
w  of  water-vapour,  and  if  an  amount  W  would  be  required  in 
order  to  saturate  it  at  its  actual  temperature,  then  the  relative 

w 
humidity  is  -rp  • 

This  is  sometimes  expressed  as  a  fraction  and  sometimes 
as  a  percentage  ;  thus,  when  the  air  is  found  to  contain  one- 
fifth  as  much  water-vapour  as  would  saturate  it,  we  may  either 
say  that  the  relative  humidity  is  0-2  or  20  per  cent.  Air 
saturated  with  aqueous  vapour  (e.g.  air  inside  a  flask  contain- 
ing water  at  the  bottom)  would  be  said  to  have  a  relative 
humidity  of  100  per  cent.  Perfectly  dry  air  (e.g.  air  inside 
a  flask  containing  a  hygroscopic  substance  such  as  strong 
sulphuric  acid  at  the  bottom)  would  be  said  to  have  a  relative 
humidity  =  o. 

96.  The    following    table    gives    the   (maximum)   pressure 
exerted  by   saturated   water-vapour  at   ordinary  temperatures, 
and  also  the  amount  of  water-vapour  (in  grammes  per  cubic 
metre)  required  to  saturate  a  given  space  at  each  tempera- 
ture : — 
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TEMPERATURE. 

Pressure  of  Saturated  Water- 
Vapour  (in  cm.) 

Grammes  of  Water-  Vapour 
required  to  saturate  a  Cubic 
Metre. 

0° 

0-46 

4-8 

2° 

o-53 

5-6 

4° 

0-61 

6-3 

6° 

0-70 

7.2 

8° 

0-80 

8-3 

10° 

0-92 

9'3 

12° 

•05 

10-6 

M° 

•  19 

11.9 

16° 

•35 

13-5 

18° 

•54 

15-2 

20° 

•74 

17-0 

The  following  will  serve  as  an  example  of  the  way  in  which 
this  table  may  be  used.  In  an  experiment  made  according  to 
the  method  of  Art.  95,  it  was  found  that  when  40  litres  of  air 
were  passed  through  the  tubes,  the  increase  of  weight  (due  to 
absorption  of  water-vapour)  was  0-396  gramme.  Thus  the 

weight  of  water-vapour  actually  present  was  -     -   =  0-0099 

gm.  per  litre,  or  (since  i  cubic  metre  =  1000  litres)  9-9  gm. 
per  cubic  metre.  The  temperature  of  the  air  at  the  time  was 
1 8°,  and  on  referring  to  the  table  we  see  that  15-2  grammes  of 
water-vapour  are  required  to  saturate  a  cubic  metre  at  this 
temperature.  Hence  the  relative  humidity  of  the  air  was 


R.  H.  = 


9-9 
15-2 


=  0-65  or  65  per  cent. 


97.  Hygrometers  and  Hygroscopes.  —  Instruments 
used  for  the  purpose  of  measuring  the  humidity  of  the  air  are 
called  hygrometers.  The  apparatus  described  in  Art.  93 
(which  may  be  called  a  chemical  hygrometer)  leaves  nothing 
to  be  desired  as  far  as  accuracy  and  reliability  are  concerned, 
but  the  method  is  tedious  and  it  cannot  be  used  for  following 
rapid  changes  in  the  state  of  the  atmosphere. 

One  of  the  earliest  instruments  devised  for  this  purpose — 
De  Saussure's  hair-hygrometer,  Fig.  60 — depends  upon  the 
fact  that  a  stretched  human  hair  contracts  on  exposure  to  moist 
air,  and  expands  on  exposure  to  dry  air.  The  hair  is  first  freed 
from  grease  by  treating  it  with  warm  dilute  potash  solution. 
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One  end  of  it  is  fixed  in  an  adjustable  clip  :  the  other  end  is 
wound  round  a  pulley  to  which  a  long  index  is  attached.  The 
hair  is  kept  tightly  stretched  by  a  small  weight  hanging  from 
its  free  end.  The  instrument  is  adjusted 
so  that  the  index  points  to  o  when  the 
surrounding  air  is  perfectly  free  from  mois- 
ture, and  to  100  when  the  air  is  saturated 
with  water -vapour.  But  the  increase  in 
length  of  the  hair  is  not  exactly  proportional 
to  the  relative  humidity  of  the  air,  and 
therefore  the  instrument  should  be  used  as 
a  hygroscope  for  indicating  changes  in  the 
humidity  of  the  air  rather  than  as  a  hygro- 
meter for  measuring  them. 


98.  The  Dew-point. — If  we  wish  to 
know  the  humidity  of  the  air  at  any  time, 
the  simplest  way  of  proceeding  is  to  find 
out  how  far  it  is  from  being  saturated.  This 
can  be  done  by  cooling  the  air  gradually 
down  until  it  begins  to  deposit  its  moisture 
as  dew  (see  Expt.  44).  The  temperature 
at  which  this  occurs  is  called  the  dew- 
point. 

The   dew -point    is    the    temperature    at 
Fig.  60.  which  the  air  begins  to  deposit  its  moisture 

in  the  form  of  dew. 

You  should  understand  clearly  that  the  dew-point  is  not  a 
fixed  temperature  ;  it  changes  continually,  as  the  temperature 
of  the  air  and  the  amount  of  water-vapour  contained  in  it 
change.  On  very  damp  days  the  dew-point  is  only  slightly 
below  the  temperature  of  the  air.  In  dry  weather  the  air  needs 
to  be  cooled  very  considerably  before  the  deposition  of  dew 
begins,  so  that  the  dew-point  is  much  below  the  actual  tem- 
perature. 

Before  explaining  how  a  knowledge  of  the  dew-point  enables 
us  to  find  the  relative  humidity  of  the  air,  we  will  first  describe 
how  dew-point  hygrometers  are  constructed  and  used. 

99.  Daniell's  Hygrometer. — This  is  one  of  the  oldest 
forms  of  dew-point  instrument.  It  consists  of  two  bulbs  (A 
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Fig.  61. 


and  B,  Fig.  61)  connected  by  a  bent  glass-tube,  the  whole 
forming  a  closed  vessel.  The  bulb  A  is  half-filled  with  ether  ; 
the  rest  of  the  instrument 
contains  nothing  but  ether- 
vapour.  The  bulb  B  is 
covered  with  muslin  and  can 
be  cooled  by  dropping  ether 
upon  it.  This  condenses 
the  ether-vapour  inside  B, 
and  more  ether  distils  over 
from  A  to  take  its  place. 
Thus  A  is  gradually  cooled, 
just  as  the  bulb  A  in  the 
cryophorus  (Fig.  58)  is  cooled 
when  B  is  placed  in  a  freez- 
ing-mixture. At  a  certain 
point  a  thin  film  of  dew  makes 
its  appearance  on  A ;  the 
temperature  at  which  this  occurs  is  indicated  by  a  delicate 
thermometer,  the  bulb  of  which  dips  into  the  ether  in  A. 
Another  thermometer  attached  to  the  stem  (C)  gives  the  actual 
temperature  of  the  air. 

10O.  Dines'  Hygrometer. — There  are  two  difficulties  in 
using  Daniell's  hygrometer.  The  observer  must  stand  near 
the  instrument ;  also  ether  must  be  used,  and  this,  of  course, 
gets  into  the  air.  Both  these  objections  are  removed  by 
the  hygrometer  introduced  by  Mr.  G.  Dines  (Fig.  62),  in 
which  a  current  of  cold  water  is  made  to  cool  a  thin  plate  of 
black  glass  (E)  upon  which  the  dew  is  deposited.  Cold  water 
(or  iced  water)  is  placed  in  the  vessel  A,  which  communicates 
by  a  tube  with  the  chamber  D.  The  thin  glass  plate  E  forms 
the  top  of  this  chamber,  and  just  underneath  it  is  the  bulb  of 
the  thermometer  C.  The  observer  adjusts  the  stop-cock  B  so 
that  a  slow  current  of  water  flows  through  ;  he  then  watches 
the  plate  E,  and  as  soon  as  its  surface  becomes  dimmed  he 
reads  off  the  temperature  indicated  by  the  thermometer  C. 

It  is  usual,  both  with  this  and  the  Daniell  hygrometer,  to 
make  a  double  observation.  First,  the  temperature  at  which 
the  deposition  of  dew  begins  is  observed ;  then  the  cooling  is 
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stopped,  and,  as  the  cold  surface  gradually  gets  warmer,  the 
temperature  at  which  the  dew  disappears  is  noted.  The 
mean  of  these  two  is  taken  as  the  dew-point. 


Fig.  62. 

1O1. — In  the  above  instruments — and  in  all  other  dew-point 
hygrometers — the  method  employed  is  that  of  gradually  cooling 
a  body  exposed  to  the  air.  The  air  in  contact  with  its  surface 
is  thereby  cooled,  and  the  object  of  the  experiment  is  to 
determine  the  temperature  at  which  dew  just  begins  to  be 
deposited  on  the  body.  Up  to  this  point  the  cooling  action 
does  not  alter  the  amount  of  water-vapour  present,  nor  does  it 
alter  the  pressure  exerted  by  it. 

Now  we  have  seen  that  for  any  given  temperature  there  is 
a  certain  maximum  (or  greatest  possible)  pressure  which  can 
be  exerted  by  water-vapour.  Consider  how  this  fact  affects 
the  behaviour  of  moist  (but  only  partially  saturated)  air  as  it  is 
gradually  cooled.  As  long  as  its  temperature  is  above  that  of  the 
dew-point,  the  pressure  exerted  by  the  water-vapour  present  is 
less  than  the  maximum  pressure,  and  the  air  remains  unsaturated. 
But  presently  a  certain  temperature  (the  dew-point)  is  reached, 
at  which  the  amount  of  water-vapour  actually  present  is  just 
sufficient  for  saturation :  the  actual  pressure  exerted  by  the 
water-vapour  present  is  exactly  equal  'to  the  maximum  vapour- 


100-102  HYGROMETRY  127 

pressure  of  water  at  this  temperature.  Any  further  fall  of 
temperature  must  either  leave  the  air  in  a  state  of  '  super- 
saturation,'  or  must  cause  a  portion  of  the  water-vapour  to  be 
condensed  ;  and  this  last  is  what  always  happens  when  there 
is  any  cold  surface  present  upon  which  dew  can  be  deposited. 
We  may  therefore  define  the  dew-point  as  follows  :  — 

The  dew-point  is  that  temperature  at  which  the  amount  of 
water-vapour  actually  present  in  the  air  is  jitst  sufficient  to 
saturate  it.  The  maximum  vapour-pressure  of  water  at  the 
dew-point  is  exactly  equal  to  the  pressure  actually  exerted  by  the 
water-vapour  present  in  the  air  at  the  time. 

Suppose  that  the  temperature  of  the  air  at  any  time  is  T° 
and  that  the  dew-point  is  found  to  be  at  some  lower  temperature, 
say  f.  By  consulting  a  table  such  as  that  on  p.  123,  we  can 
find  what  is  the  maximum  vapour-pressure  of  water  at  t°  :  this 
is  the  pressure  actually  exerted  by  the  water-vapour  present  at 
the  time.  Let  this  be  denoted  by  p.  Again  from  the  same 
table  we  can  find  the  maximum  pressure  at  T°  =  P,  say.  This 
is  the  pressure  that  would  be  exerted  by  the  water-vapour  in 
the  air  at  T°  if  the  air  were  perfectly  saturated. 

Now  it  can  be  shown  that  the  amount  of  water-  vapour 
present  in  a  given  space  is  proportional  to  the  pressure  which 
it  exerts.  Hence  (using  the  letters  as  in  Art.  95), 

w:W=/:P 
and  therefore  the  relative  humidity  is 


1O2.  "Wet  and  Dry  Bulb  Hygrometer.  —  Another  way 
of  judging  of  the  humidity  of  the  atmosphere  is  by  observing 
the  rate  at  which  evaporation  is  going  on.  This  can  be  done 
by  measuring  the  cooling  effect  produced  by  it. 

EXPT.  45.  —  Take  the  temperature  of  the  air  with  a  ther- 
mometer, then  wrap  round  the  bulb  a  small  piece  of  fine 
muslin,  and  thoroughly  wet  this  with  water  which  has  stood  for 
some  time  in  the  room  and  is  at  the  same  temperature  as  the 
air  in  it.  The  thermometer  falls,  and  on  a  dry  day  may  fall 
through  several  degrees.  This  effect  is  due  to  the  heat 
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absorbed  in  evaporation  of  the  water.  It  is  not  so  marked  as 
if  we  had  used  ether  (see  Expt.  40),  but  it  always  occurs 

excepting  when  the  air 
is  saturated  with  water- 
vapour,  which  is  seldom 
the  case. 

Upon  this  principle 
the  wet  and  dry  bulb 
hygrometer  (Fig.  63)  is 
based.  It  consists  of 
two  thermometers,  one 
of  which  is  simply  ex- 
posed to  the  air  and 
indicates  its  tempeca- 
ture,  while  the  bulb  of 
the  other  is  kept  con- 
tinually moist.  This  is 
done  by  covering  the 
bulb  with  muslin,  which 
is  connected  by  a  wick 
with  a  vessel  containing 
water.  (This  vessel 
should  be  smaller,  and 
placed  at  one  side  ;  not 

directly  beneath  the  bulb  as  in  the  figure.)  The  continuous 
evaporation  from  the  wet  bulb  keeps  its  temperature  constantly 
lower  than  that  of  the  dry  bulb.  The  difference  between  the 
two  temperatures  depends  upon  the  dryness  of  the  air.  When 
this  difference  is  great  it  indicates  that  evaporation  is  going 
on  rapidly,  and  consequently  that  the  air  is  dry  and  the  dew- 
point  low.  When  the  difference  in  temperature  is  small  it 
indicates  that  but  little  evaporation  is  going  on  from  the  wet 
bulb  :  hence  we  conclude  that  the  air  already  contains  much 
water-vapour  and  that  the  dew-point  is  high. 

1O3.  You  should  understand  clearly  that  the  temperature  of  the  wet -bulb 
thermometer  is  not  constant,  but  (like  the  dew-point)  changes  with  the 
temperature  and  humidity  of  the  air.  Nor  must  it  be  confused  with  the 
dew-point :  it  is  higher  than  the  dew-point.  The  greater  the  difference 
between  the  dry  and  wet  bulb  readings,  the  lower  the  dew-point  is. 

But  consider  what  would  happen  if  the  instrument  were  surrounded  by 
air  already  saturated  with  water-vapour.  There  would  be  no  further 


Fig.  63. 
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evaporation  ;  the  wet-bulb  thermometer  would  show  the  same  temperature 
as  the  dry-bulb  thermometer,  and  this  (under  the  conditions  stated)  would 
also  be  the  dew-point. 

The  theory  of  the  instrument  has  been  worked  out  and  a  formula  has 
been  constructed  which  enables  us  to  calculate  the  dew-point  when  the 
temperatures  of  the  wet  and  dry-bulb  thermometers  are  known.  The 
results  thus  obtained  have  been  compared  with  those  given  by  the  condensa- 
tion hygrometers  (Arts.  99  and  100),  and  tables  have  also  been  drawn  up 
from  which  the  dew-point  can  at  once  be  found  when  the  readings  of  the 
wet  and  dry-bulb  hygrometer  are  known.  On  account  of  its  convenience, 
it  is  the  form  of  hygrometer  most  commonly  used  by  meteorologists. 


EXAMPLES  ON  CHAPTER  X 

1.  What  circumstance  determines  whether  a  towel  exposed  to  the  air 
shall  dry  or  shall  become  damp  ?     Why  does  a  damp  cloth  exposed  to 
draught  become  very  cold  ? 

2.  Describe   an   instrument   for  actually  determining   the  dew-point. 
What  do  you  understand  by  the  term  ? 

3.  Define  relative  humidity.     It  often  happens  that  on  a  warm  day 
the  air  appears  dry,  and  on  a  cold  day  wet,  although  the  amount  of  aqueous 
vapour  contained  in  the  air  per  litre,  may  be  greater  in  the  former  case 
than  in  the  latter.      Explain  this. 

4.  Find  the  actual  pressure  of  the  water-vapour  present  in  a  room  at 
14°  when  the  dew-point  is  found  to  be  6°.     What  is  the  relative  humidity 
of  the  air  in  the  room  ? 

5.  Enough  water  is  placed  in  a  closed  vessel  to  saturate  the  air  it 
contains  at  15°,  and  the  pressure  of  the  dry  air  in  the  vessel  at  o°  is  760 
mm.      Find  the  pressure  at  25°.     The  saturating  pressure  of  vapour  at 
15°  is  16-1  mm. 


CHAPTER  XI 

TRANSMISSION  OF  HEAT— CONDUCTION 

104.  Modes  of  Transmission  of  Heat. — Heat  may  be 
transmitted  from   one   point   to   another  by   three   processes, 
called  respectively  conduction,  convection,  and  radiation. 

You  know  that  if  the  point  of  a  poker  be  pushed  into  a 
fire,  the  heating  effect  is  not  confined  to  the  point  alone  :  it 
gradually  extends  throughout  the  length  of  the  poker,  from  the 
parts  near  the  point  towards  the  handle,  which,  after  a  while, 
may  become  too  hot  for  you  to  hold.  This  transference  of 
heat  from  hotter  to  colder  parts  of  the  poker,  and  from  the  hot 
poker  to  your  hand,  is  called  conduction. 

Again,  if  you  withdraw  the  red-hot  poker  from  the  fire  and 
hold  your  hand  above  it,  you  feel  a  sensation  of  heat  which  is 
mainly  due  to  the  warm  air  (heated  by  contact  with  the  poker) 
rising  upwards.  This  process  is  called  convection. 

Lastly,  if  you  hold  your  hand  an  inch  or  so  below  the  red- 
hot  poker  you  still  feel  a  sensation  of  heat.  This  is  not  due 
to  convection  (for  heated  air  always  rises  upwards),  but  is  pro- 
duced by  a  direct  transmission  of  heat  through  the  air  from  the 
poker  to  your  hand,  a  process  which  is  called  radiation.  It 
is  by  radiation  that  your  hands  are  warmed  when  you  hold 
them  in  front  of  the  fire. 

105.  Definition. —  Conduction  is  the  transmission  of  heat  from 
hotter  to  colder  parts  of  a  body,  or  from  a  hot  body  to  a  colder 
body    in     contact    with     it.       This    transmission    takes  place 
gradually  from  particle  to  particle,  but  without  any   visible, 
motion  of  the  parts  of  the  body. 


i04-io6  CONDUCTION  131 

The  last  sentence  is  added  to  point  out  how  conduction 
differs  from  radiation  and  convection.  Conduction  is  a 
gradual  process  in  which  heat  only  passes  from  hot  to  cold 
parts  of  the  body  by  heating  the  intermediate  parts.  The 
transmission  of  heat  by  radiation  is  so  rapid  as  to  be  prac- 
tically instantaneous  ;  it  also  takes  place  without  heating  the 
medium  through  which  it  passes.  In  the  case  of  convection 
heat  is  conveyed  from  one  point  to  another  by  actual  motion 
of  the  hot  body  as  a  whole.  These  distinctions  will  be  better 
understood  after  reading  the  next  two  chapters. 

1O6.  Conduction  in  Solids. — Solids  differ  from  one 
another  enormously  in  their  power  of  conducting  heat.  Metals 
are  generally  good  conductors,  silver  and  copper  being  the 
best.  Glass,  stone,  leather,  wood,  flannel,  and  organic  sub- 
stances generally  are  bad  conductors. 

EXPT.  46. — Hold  one  end  of  a  copper  or  brass  wire,  about 
3  inches  long,  in  a  flame.  The  heat  is  rapidly  conducted 
along  the  wire,  and  it  soon  becomes  too  hot  to  hold.  An  iron 
or  platinum  wire  does  not  get  hot  so  quickly.  A  strip  of  wood 
(a  match)  can  be  held  until  it  burns  down  quite  near  the 
fingers.  A  piece  of  glass  rod  or  tubing  can  be  held  quite 
comfortably  for  a  long  time.  It  is  this  bad  conducting  power 
of  glass  that  makes  glass-blowing  possible.  When  a  glass  tube 
is  fused  in  a  blowpipe-flame,  it  can  be  handled  to  within  an 
inch  or  so  of  the  fused  part  without  discomfort. 

EXPT.  47. — Place  spoons  made  of  different  substances  with 
their  bowls  dipping  into  hot  water.  The  handle  of  a  silver 
spoon  (real  silver)  soon  gets  so  hot  that  you  cannot  comfortably 
hold  it.  A  common  spoon  (made  of  Britannia  metal)  does 
not  get  hot  so  soon  ;  with  spoons  made  of  bone  or  wood  the 
heating  effect  is  scarcely  noticeable. 

EXPT.  48. — Paper  is  a  bad  conductor  of  heat,  and  at  once 
becomes  scorched  and  begins  to  burn  when  placed  in  a  flame. 
Yet  a  piece  of  paper  may  be  held  for  some  time  in  a  flame 
without  burning  (and  even  without  getting  scorched)  if  there  is 
a  metal  surface  immediately  behind  it  to  carry  away  the  heat. 

This  can  be  well  shown  by  means  of  a  cylinder  one  half  of 
which  is  made  of  brass  and  the  other  half  of  wood  (or  one  end 
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of  a  wooden  cylinder  may  be  turned  down  so  that  a  brass  tube 
of  the  same  diameter  can  be  slipped  over  it).  Wrap  a  piece  of 
writing-paper  tightly  round  the  cylinder  and  hold  it  in  a  Bunsen 
flame,  as  in  Fig.  64.  The  paper  covering  the  wooden  half  of  the 

cylinder  is  scorched  (just  up  to 
the  line  of  junction)  long  before 
any  effect  is  produced  on  the 
other  half.  The  brass  conducts 
away  the  heat  so  rapidly  that 
the  paper  is  kept  cool.  The 
experiment  shows  that  brass  is 
j.  a  far  better  conductor  of  heat 
than  wood  is. 

1O7.  Comparison  of  Con- 
ducting Powers.  —  The  fol- 
lowing experiments  show  that 
different  materials  vary  greatly 
Fig  64<  in  their  conductivity  (or  power 

of  conducting  heat). 

EXPT.  49. — A  number  of  metal  and  other  rods,  of  the 
same  length  and  thickness,  are  covered  with  a  coating  of  wax, 
and  are  introduced  into  holes  in  the  front  of  a  metal  trough 
(Fig.  65),  which  is  then  filled  with  boiling  water.  As  the  heat 
travels  along  each  rod  and  warms  it  up  to  the  proper  tempera- 
ture, the  wax  melts. 


Fig.  65. 

Wait  until  there  is  no  further  sign  of  melting,  and  then 
observe  that  the  wax  has  melted  much  farther  along  some  rods 
than  others. 
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EXPT.  50. — Take  two  strips  or  bars  of  iron  and  copper 
respectively,  and  of  the  same  size.  Attach  small  wooden  balls 
(or  marbles)  to  them  by  means  of  wax.  Fix  them  end  to  end 


Fig.  66. 

and  place  a  burner  underneath,  so  as  to  heat  them  equally  (a 
better  plan  is  to  rivet  both  to  a  cross-piece  and  heat  this). 

The  balls  will  be  found  to  drop  off  the  copper  strip  more 
rapidly  than  off  the  iron. 

EXPT.  51. — Cut  discs  of  copper,  iron,  wood,  and  cork  of 
about  ^  inch  thickness,  and  large  enough  to  cover  the  top  of 
the  air-thermoscope  (p.  12).  As  a  source  of  heat  use  a  metal 
cylinder  (iron  or  copper)  heated  to  1 00°  by  immersion  in  boiling 
water. 

Place  one  of  the  discs  on  top  of  the  air-thermoscope,  and 
on  this  put  the  hot  cylinder.  Wait  a  couple  of  minutes  and 
observe  the  greatest  depression  produced.  Try  the  other  discs 
in  the  same  way.  Copper  gives  the  greatest  depression  ;  wood 
and  cork  scarcely  allow  any  heat  to  pass. 

1O8.  The  above  experiments  show  sufficiently  well  that 
metals  are,  in  general,  good  conductors  of  heat,  silver  and 
copper  being  the  best ;  whereas  stone,  glass,  wood,  cork,  etc., 
do  not  conduct  heat  nearly  so  well,  or  are  bad  conductors. 
But  such  methods  of  experimenting  may  lead  to  very  inaccurate 
conclusions,  excepting  in  cases  where  the  specific  heats  of  the 
substances  compared  happen  to  be  very  nearly  the  same  (as  in 
the  case  of  iron  and  copper,  Expt.  50).  For  when  one  end  of 
a  bar  is  heated,  the  rate  at  which  its  temperature  rises  depends 
not  only  upon  its  conductivity,  but  also  upon  its  specific  heat. 
Other  things  being  equal,  a  bar  having  a  low  specific  heat 
would  get  hot  more  rapidly  than  another  having  a  high  specific 
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heat.     And  this  may  even  happen  when  the  first  bar  is  a  worse 
conductor  of  heat  than  the  second. 

EXPT.  52. — Procure  two  short  cylinders  of  iron  and  lead 
respectively,  and  of  the  same  size.  Stand  both  of  them  on 
an  iron  or  copper  plate,  having  first  covered  the  top  of  each 
cylinder  with  a  thin  film  of  wax.  Heat  the  plate  by  placing 
it  on  top  of  .a  saucepan  in  which  water  is  kept  boiling.  As 
the  heat  is  conducted  through  the  cylinders  you  will  find  that 
the  wax  melts  first  on  the  lead  cylinder. 

Now  on  referring  to  the  table  of  conductivities  on  p.  137  it  will 
be  seen  that  iron  is  really  a  better  conductor  than  lead,  their 
conductivities  being  in  the  ratio  of  12  to  8-5  or  as  i  to  0-7. 
The  explanation  of  this  apparent  contradiction  lies  in  the  fact 
that  the  specific  heat  of  lead  is  much  smaller  than  that  of  iron, 
and  so  it  requires  a  smaller  quantity  of  heat  to  raise  it  to  a 
given  temperature.  If  the  specific  heats  of  iron  and  lead 
were  as  I  to  0-7  the  smaller  specific  heat  of  lead  would  just 
make  up  for  its  smaller  conductivity.  But  on  referring  to 
p.  86  we  find  that  the  specific  heat  of  iron  is  0-114  while  that 
of  lead  is  only  0-031,  or  in  the  ratio  of  I  to  0-27  ;  so  that  the 
smallness  of  the  specific  heat  of  lead  more  than  compensates 
for  its  relatively  low  conductivity.  Thus  experiments  in  the 
relative  conductivities  of  bars  may  lead  to  incorrect  conclusions 
if  the  observations  are  made  while  the  temperature  is  still 
rising. 

1O9.  Variable  and  Stationary  States :  Relative 
Conductivities.  —  Consider  more  closely  the  meaning  of 
Expt.  49.  As  soon  as  the  boiling  water  is  poured  in  heat  begins 
to  travel  along  the  bars.  The  wax  begins  to  melt  (at  different 
rates)  along  them.  For  some  time  each  small  portion  of  a 
bar  receives  more  heat  than  it  transmits,  and  consequently 
its  temperature  rises.  As  long  as  this  continues  the  bar  is 
said  to  be  in  the  variable  state. 

But  after  a  while  the  wax  ceases  to  melt  any  further. 
Each  small  portion  of  the  bar  still  receives  somewhat  more 
heat  from  the  hot  end  than  it  transmits  to  the  cold  end,  but 
this  excess  is  constantly  carried  off  by  convection  and  radia- 
tion from  its  surface.  The  temperature  of  each  part  of  the  bar 
now  remains  constant  and  it  is  said  to  be  in  the  stationary 
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state.  It  is  only  when  this  stationary  or  steady  flow  of  heat 
has  been  attained  that  the  conducting  powers  of  the  various 
bars  can  be  correctly  compared.  It  can  be  proved  that  the 
relative  conductivities  of  the  bars  are  proportional  to  the 
distances  along  which  the  wax  melts. 

Instead  of  using  wax  we  may  determine  the  temperature 
at  various  points  along  each  bar ;  for  example,  by  inserting 
delicate  thermometers  in  holes  drilled  in  the  bars.  The 
results  of  experiments  made  by  such  methods  are  given  in  the 
middle  column  of  the  table  on  p.  137.  The  conductivity  of 
silver — the  best  conductor  of  heat — is  then  arbitrarily  taken 
as  100,  so  that  the  other  numbers  simply  express  relative 
conductivities. 

The  measurement  of  absohite  conductivity  is  too  difficult  a 
matter  for  us  to  enter  into  here,  but  we  can  explain  the  idea 
upon  which  the  definition  of  the  absolute  conductivity  of  a 
substance  is  based. 

HO.  Absolute  Conductivity. — Imagine  one  face  of  a 
large  flat  conducting  wall  or  plate  to  be  kept  at  an  uniform 
temperature.     To  fix  our  ideas  let  us  suppose  that  the  con- 
ducting wall  is  the  end  plate 
of  a  boiler,  and  that  its  outer 
surface  is  kept  constantly  at 
o°  by  melting  ice  applied  to  it. 

Now  let  the  inner  face  of 
the  plate  be  suddenly  raised  to 
some  higher  temperature,  say 
to  1 00°  by  introducing  boiling 
water  or  steam  into  the  boiler. 

The  heat  gradually  pene- 
trates through  the  plate,  and 
as  it  does  so  it  raises  the 
temperature  of  each  layer  of 


Steam 
at  100° 


it.  At  the  edges  of  the  plate 
there  is  loss  of  heat  by  radi- 
ation and  convection :  the 
heat  does  not  simply  flow 
across  the  plate  but  some  of  it  flows  sideways.  We  therefore 
restrict  our  attention  to  a  small  portion  ABCD  near  the  centre. 


Fig.  67. 
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where  the  flow  of  heat  is  wholly  perpendicular  to  the  faces 
(i.e.  in  the  direction  of  AB  or  DC). 

If  we  erect  at  various  points  along  CD  perpendiculars  whose 
heights  are  proportional  to  the  temperatures  at  these  points, 
and  if  we  join  the  upper  ends  of  these  perpendiculars,  we  shall 
obtain  a  curve  showing  the  fall  dhgradient  of  temperature  across 
the  plate.  As  long  as  the  temperature  of  the  plate  continues  to 
rise  (variable  state)  the  gradient  has  the  form  shown  by  the 
dotted  curve  EC  :  but  after  a  while  the  temperature  at  each 
point  ceases  to  rise  and  the  gradient  becomes  the  straight  line 
EC.  The  steady  flow  of  heat  has  now  set  in  :  all  the  heat 
which  is  conducted  across  the  plate  is  spent  in  melting  the  ice 
in  contact  with  the  face  BC,  and  none  of  it  is  absorbed  in 
raising  the  temperature  of  the  plate  itself.  We  may  assume 
that  the  amount  of  heat  thus  transmitted  in  a  given  time  is 
measured  by  observing  how  much  ice  is  melted. 

The  amount  of  heat  transmitted  by  conduction  across  a 
plate  is 

(1)  directly  proportional  to  the  area  (S)  of  its  surface, 

(2)  directly  proportional  to  the  difference  of  temperature 
(0)  between  its  two  faces, 

(3)  directly  proportional  to  the  time  (/), 

and  (4)  inversely  proportional  to  the  thickness  (d)  of  the 
plate. 

Thus  if  H  denote  the  number  of  units  of  heat  transmitted 
in  time  t  across  a  plate  of  area  S  and  thickness  d  when  the 
difference  of  temperature  between  its  faces  is  0°, 

SOt 
H  =  *x-^-  .  (i), 

where  k  is  a  constant  depending  upon  the  substance  of  which 
the  plate  consists.      k  is  called  the  absolute  conductivity,  or 
coefficient  of  conductivity  of  the  substance. 
Equation  (i)  may  be  written  in  the  form 


which  shows  that  the  conductivity  of  a  substance  may  be 
measured  by  measuring  the  amount  of  heat  transmitted  across 
a  plate  of  the  substance  of  known  dimensions  under  known 
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conditions.  Let  us*  suppose  that  our  plate  is  of  unit  thickness, 
and  that  its  opposite  faces  are  kept  at  temperatures  differing 
by  only  i  °  :  and  let  us  further  consider  only  the  amount  of  heat 
which  is  conducted  across  unit  area  of  the  plate  in  unit  time. 
S,  0,  t,  and  d  are  now  each  equal  to  unity,  and  equation  (2) 
reduces  to 


or  the  conductivity  is  equal  to  the  number  of  units  of  heat 
transmitted  under  these  conditions. 

We  thus  arrive  at  the  following  definition  :  — 
The  absolute  conductivity  of  a  substance  is  measured  by  the 
number  of  units  of  heat  transmitted  in  unit  time  across  unit 
area  of  a  plate  of  unit  thickness  when  its  opposite  faces  are  kept 
at  temperatures  differing  by  one  degree. 

111.  The  following  table  gives  (a)  the  relative  conductivities 
of  various  substances,  and  (£)  their  absolute  conductivities 
when  the  centimetre  is  taken  as  the  unit  of  length,  the  gramme 
as  the  unit  of  mass,  and  the  second  as  the  unit  of  time  :  — 
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Substance. 

Relative 
Conductivity. 

Absolute  Conductivity 
in  C.  G.  S.  Units. 

Silver  
Copper  ..... 
Iron  ..... 

IOO 
74 

12 

1-3 
o-99 
0-16 

Lead  
Bismuth  ..... 

8-5 
1-8 

o-n 

O-O2 

Ice  

White  Marble 

0-2 
0-1 

0-003 
O-OOI 

Glass  

0-05 

0-0007 

Ex.  i. — A  large  tank  is  covered  with  a  layer  of  ice  6  cm.  thick  and  24 
square  metres  in  area  :  assuming  that  the  coefficient  of  conduction  of  ice 
in  C.G.S.  units  is  0-003,  determine  the  amount  of  heat  transmitted  per 
hour  from  the  water  up  through  the  ice,  the  upper  surface  of  which  is  at 
the  temperature  of  the  air,  viz.  — 10°  C. 

In  order  that  the  answer  may  be  given  in  gramme-degrees  of  heat, 
we  must  express  all  quantities  in  terms  of  the  corresponding 
C.G.S.  units.  Thus  ^  =  24  sq.  metres  =  2 40,000  sq.  cm.,  and 
t  =  6o  min.  =3600  sec. 
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Substituting  these  values  in  equation  (i),  we  nave 


=  4,320,000  units. 

Ex.  2. — The  top  of  a  steam  chamber  is  formed  of  a  stone  slab  6 
decimetres  long,  5  decimetres  broad,  and  i  decimetre  thick.  Ice  is  piled 
upon  the  slab,  and  it  is  found  that  5  kilogrammes  of  ice  are  melted  in 
half  an  hour  :  what  is  the  thermal  conductivity  of  the  stone  ? 

Since  the  latent  heat  of  fusion  of  ice  is  80,  the  amount  of  heat 
required  to  melt  5  kilogrammes  of  ice  is 

H  =  5  x  1000  x  80  =  400,000  heat  units. 

This  amount  of  heat  is  transmitted  in  1800  sec.  through  a  slab  of 
60x50  =  3000  sq.  cm.  area,  and  10  cm.  thickness,  its  opposite 
faces  being  kept  at  o°  and  100°  respectively.  Thus 

3000  x  TOO  x 1800 

400,  ooo  =  k  x 

10 

and  /£  =  — —  =  0-00741. 

540 

112.  Action  of  "Wire-gauze  on  Flame. — A  combustible 
substance  will  not  burn,  even  in  presence  of  air  or  oxygen, 
unless  it  is  raised  to  a  certain  temperature,  which  is  called  the 
'  temperature  of  ignition '  of  the  particular  substance.  Now 
when  a  good  conductor  is  introduced  into  a  flame  it  rapidly  with- 
draws heat  from  the  flame  and  thus  cools  it.  The  following 
experiments  show  that  it  is  easy  to  cool  and  extinguish  a  flame 
in  this  way  : — 

EXPT.  53. — Coil  some  copper  wire  round  a  rod,  leaving 
a  piece  free  at  the  end  to  serve  as  a  handle,  and  making 
the  coil  of  such  size  as  to  fit  round  the  flame  of  a  spirit- 
lamp.  Lower  the  coil  vertically  over  the  flame  until  the  bottom 
of  it  touches  the  wick.  The  flame  shrinks  away  from  the  coil 
and  then  goes  out. 

The  coil  does  not  crush  out  the  flame  ;  there  is  plenty  of 
room  for  it  to  burn  and  air  can  easily  pass  between  the  turns  of 
wire.  That  the  effect  is  really  due  to  the  cooling  action  of  the 
metal  may  be  shown  as  follows  : — Heat  the  coil  to  redness  by 
means  of  a  Bunsen  burner  and  lower  it  again  over  the  flame 
of  the  spirit-lamp  ;  it  is  no  longer  extinguished.  Cool  the  coil 
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by  dipping   it    in  water ;  dry   it,  and   repeat   the   experiment. 
The  cold  coil  at  once  puts  out  the  flame. 

[A  coil  of  No.  1 6  wire,  f  in.  in  diameter  and  2  in.  long,  does 
well  for  a  spirit-lamp.  For  a  candle-flame  use  a  smaller  coil.] 

EXPT.  54. — Procure  a  piece  of  wire -gauze,  such  as  is 
commonly  used  in  laboratories  for  supporting  glass  vessels  in 
which  water  is  to  be  boiled.  Lower  the  gauze  upon  the  flame 
of  a  Bunsen  burner.  The  flame  does  not  pass  through  .the 
meshes  of  the  gauze  but  appears  to  be  crushed  down  by  it 
(Fig.  68). 


Fig.  68.  Fig.  69. 

The  gauze  cools  the  mixture  of  coal-gas  and  air  that  streams 
through  it  below  the  temperature  of  ignition.  That  this 
inflammable  mixture  does  readily  pass  through  the  gauze  may 
be  shown  by  setting  fire  to  it  with  a  lighted  match.  It  may 
also  take  fire  of  itself  if  the  gauze  gets  red  hot. 

EXPT.  55. — Turn  on  the  burner  but  do  not  light  the  gas. 
Place  the  wire-gauze  on  the  top  of  the  burner  and  light  the  gas 
above  it.  The  gauze  may  now  be  lifted  an  inch  or  so  above 
the  burner  (Fig.  69),  but  the  flame  does  not  strike  down. 

113.  The  Safety-lamp. — Upon  this  principle  depends  the 
action  of  the  safety-lamp  invented  by  Sir  Humphry  Davy.  It 
consists  of  an  oil-lamp  (Figs.  70,  71),  the  flame  of  which  is 
surrounded  by  a  cylinder  of  wire-gauze  closed  on  top  by  a 
brass  plate.  The  gauze  does  not  interfere  with  the  burning  of 
the  oil,  but,  as  we  have  seen,  it  prevents  any  flame  from 
passing  from  the  inside  to  the  outside.  Thus  the  lamp  can  be 
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safely  used  even  in  an  atmosphere  containing  inflammable  gases, 
such  as  the  *  fire-damp '  which  is  the  terror  of  coal-miners. 

The  use  of  naked  lights  is  no  longer  permitted  in  mines 
which  are  known  to  be  '  fiery '  or  liable  to  accumulations  of 
fire-damp.  By  using  the  Davy  lamp  the  miner  is  able  to  work 
with  comparative  safety  in  such  mines,  and  is  also  provided 
with  a  warning  of  the  approach  of  danger.  For  when  the 
amount  of  inflammable  gas  present  becomes  great  enough  to 
produce  an  explosion,  it  burns  inside  the  gauze  with  a  blue 
flame,  and  the  miner  then  knows  that  it  is  time  for  him  to 
withdraw. 

EXPT.  56. — Connect  a  glass  tube  by  india-rubber  tubing  to 
a  gas  tap,  and  direct  the  stream  of  gas  against  the  gauze  of  a 
lighted  safety-lamp.  The  flame  of  the  lamp  grows  larger,  and 
the  coal-gas  burns  quietly  inside,  but  the  flame  does  not 
spread  outside  the  gauze. 


Fig.  70. 


Fig.  71 


The  lamp  illustrated  in  the  above  figures  (70,  71)  is  of  a 
type  which  is  now  obsolete.  It  gives  but  a  poor  light  and 
becomes  unsafe  in  air-currents  having  a  velocity  greater  than 
about  six  feet  per  second  ;  for  the  current  drives  the  flame  of 
the  lamp,  or  of  the  ignited  fire-damp,  through  the  gauze. 
To  diminish  this  latter  risk  lamps  are  now  provided  with  a 
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metal  shield  or  « bonnet '  outside  the  gauze  :  and  the  light  is 
improved  by  substituting  a  glass  cylinder  for  the  lower  part 
of  the  gauze.  A  good  modern  type  of  lamp  is  shown  in  Fig. 


Fig-  73- 

72,  and  Fig.  73  gives  a  section  of  it.  The  letters  W  indicate 
the  wire-gauze  and  B  the  bonnet.  Inside  the  gauze  is  a 
conical  chimney  C  which  improves  the  draught.  The  lamp 
is  provided  with  a  double  set  of  concentric  glass  cylinders  G, 
G'.  Between  these  the  air  enters  without  mixing  or  inter- 
fering with  the  products  of  combustion.  The  arrows  from  a 
to  e  indicate  the  course  of  the  draught  through  the  lamp. 

114.  Good  and  Bad  Conductors. — In  Expt.  53  we  saw 
that  when  a  cold  body  which  is  also  a  good  conductor  is 
introduced  into  a  flame,  it  hinders  free  and  complete  com- 
bustion. Even  if  the  flame  is  not  extinguished  it  shrinks 
away  from  the  cold  body.  This  is  what  happens  when  a 
copper  kettle  filled  with  cold  water  is  placed  over  a  gas-flame. 
The  flame  does  not  really  come  into  contact  with  the  bottom 
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of  the  kettle,  and  so  its  heating  power  is  not  fully  utilised. 
Hence  kettles  and  other  heating  apparatus  are  sometimes 
provided  with  conducting  studs  of  copper  or  brass,  as  shown 
in  Fig.  74.  These  studs  project  both  above  and  below  the 
bottom  of  the  vessel.  The  flame  comes  freely  into  contact 
with  the  lower  parts  of  the  studs,  for  these  (unlike  the  bottom 
of  the  vessel)  are  not  in  direct  contact 
with  the  water.  The  heat  is  conducted 
along  the  studs  into  their  upper  parts 
which  project  into  the  water.  The  heat- 
ing effect  of  the  flame  is  thus  more  fully 
utilised,  and  the  water  more  quickly 
brought  to  boiling. 

You  will  see  by  the  table  on  p.  137 
that  glass  is  a  very  bad  conductor  of 
heat.  If  this  were  not  so,  glass-blowing 
would  be  almost  an  impossibility.  When 
a  glass  tube  is  being  fused  in  a  blow- 
pipe flame  it  can  be  held  without  dis- 
comfort within  a  couple  of  inches  of  the 
fused  part.  If  you  try  a  similar  experi- 
ment with  a  piece  of  thick  copper  wire, 
you  will  carry  away  with  you  a  very  distinct  impression  of 
the  difference  between  the  conducting  powers  of  copper  and 
glass. 

In  order  to  keep  our  bodies  warm  we  make  use  of  bad 
conductors  such  as  woollen  clothes,  flannel  blankets,  fur,  leather, 
etc.  Other  applications  of  non-conductors  will  readily  occur  to 
you — e.g.  kettle-holders,  the  handles  of  coffee-pots,  kettles,  and 
soldering-irons,  etc.  The  badly-conducting  materials  which  we 
use  for  '  keeping  out  cold '  are  also  the  best  for  keeping  out 
heat.  Thus,  if  you  wish  to  keep  a  block  of  ice  in  hot  weather, 
and  have  no  ice-chest  to  put  it  in,  it  should  be  wrapped  up  in 
flannel. 

You  will  now  be  better  able  to  understand  why  it  is  that,  in  our 
climate,  metals  and  other  good  conductors  feel  cold  to  the  touch 
(see  pp.  7-9).  If  the  temperature  of  surrounding  objects  were 
higher  than  that  of  our  bodies,  the  reverse  would  be  the  case  ; 
and  so  in  the  hot  rooms  of  Turkish  baths  it  is  found  that  iron 
and  stone  are  painful  to  touch  because  they  part  with  heat  so 
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readily  ;  whereas  wood  and   flannel   can  be   handled  without 
discomfort. 

115.  Conduction  in  Liquids. — As  may  be  seen  from  the 
following  experiments,  liquids  are  bad  conductors  of  heat. 
Mercury  and  other  molten  metals  are  exceptions  to  this  rule. 

EXPT.  57. — Apparatus  required — A  differential  thermo- 
meter of  the  form  shown  in  Fig.  75  (having  one  bulb  higher 
than  the  other)  :  a  vessel  large  enough  to  contain  the  thermo- 
meter ;  and  a  tin  dish  which  can  be  supported  from  the  top  of 
this. 

Pour  into  the  vessel  enough  water  to  cover  the  bulb  to  a 
depth  of  a  couple  of  inches. 
Support  the  tin  dish  so  that  it 
just  dips  into  the  water,  and 
then  fill  it  with  boiling  water  or 
hot  oil.  It  will  be  some  time 
before  enough  heat  is  conducted 
downward  to  affect  the  thermo- 
meter. 

EXPT.  58. — Another  form  of 
the  experiment  is  shown  in  Fig. 
76.  An  ordinary  (mercurial) 
thermometer  is  inserted  through 
a  hole  in  the  side  of  a  vessel 
into  which  water  is  poured  to  Fig.  75. 

about   an   inch  above   the   bulb. 
The  water  is  heated  by  carefully  pouring  hot  oil  on  its  surface, 


Fig.  76.. 

or  a  few  drops  of  benzene   may  be  poured   on  its  surface  and 
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ignited  ;  in  this  case  the  thermometer  will  scarcely  be  affected 
at  all. 

EXPT.  59. — Twist  some  copper  wire  round  a  piece  of  ice,  so 
as  to  make  it  heavy  enough  to  sink  in  water ;  drop  it  into  a 
long  test-tube  nearly  filled  with  water ;  tilt  the  test-tube  so 
that  the  water  in  the  upper  part  may  be  heated  over  a  flame. 
The  water  may  thus  be  made  to  boil  on  top  without  causing 
any  noticeable  melting  of  the  ice. 

116.  Mercury  a  good  Conductor. — That  mercury  con- 
ducts heat  much  better  than  water  may  be  shown  by  the 
following  experiment : — 

EXPT.  60. — Take  two  test-tubes  of  equal  size  and  fix  a 
wooden  ball  (or  a  marble)  on  to  the  bottom 
of  each  with  beeswax.  Nearly  fill  one  with 
water  and  the  other  with  mercury.  Bend 
a  piece  of  thick  copper  wire  to  the  shape 
shown  in  Fig.  77  (which  is  drawn  one-fifth 
of  the  actual  size).  Heat  the  wire  to  red- 
ness, and  support  it  with  one  leg  dipping 
into  the  water  and  the  other  into  the 
mercury.  The  ball  will  soon  drop  off  the 
left-hand  tube,  while  the  other  will  remain 
on  although  the  water  may  be  spluttering 
and  boiling  on  top. 

Observe  that  in  all  the  above  experi- 
ments the  liquid  is  heated  from  on  top,  so 
that  the  heat  has  to  pass  downward ;  this 
is  the  only  way  in  which  the  true  conduct- 
ing power  of  liquids  can  be  examined.  If 
they  are  heated  from  below,  convection- 
currents  are  produced  ;  and  the  same  is 
true  for  gases  (see  next  chapter). 


Fig.  77. 


117.  Conduction  in  Gases. — Gases  are  even  worse 
conductors  of  heat  than  liquids.  Hence  ice-houses  (for  the 
storage:  of  ice  in  summer)  are  constructed  with  double  walls  : 
the  air  between  these  protects  the  contents  from  external  heat. 
So  in  bold  climates  double  doors  and  windows  are  used  to 
retain  heat  and  keep  dwelling-houses  warm. 
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EXPT.  6 1. — Place  upon  the  palm  of  your  hand  a  loose  pile 
of  some  badly-conducting  powder  such  as  lime,  asbestos,  or 
plaster  of  Paris.  On  this  lay  the  point  of  a  red-hot  poker  or  a 
piece  of  iron  (not  too  heavy)  heated  to  redness.  The  iron  can 
be  held  for  some  time  without  burning  the  hand. 

If  the  powder  were  pressed  down  tightly  upon  the  hand  (as 
would  happen  if  the  iron  were  heavy),  it  would  soon  feel 
painfully  hot.  This  shows  that  the  effect  is  mainly  due  to  the 
bad  conducting  power  of  the  air  entangled  between  the  solid 
particles.  The  powder  is  interposed  to  cut  off  the  direct 
radiation  of  heat. 

The  low  conducting  power  of  air  is  made  use  of  in  the 
construction  of  ice -safes,  which  are  made  with  a  double 
casing.  The  space  between  is  rilled  with  straw,  sawdust,  or 
other  loose,  badly-conducting  material,  which  hinders  the  free 
motion  of  the  air,  or  in  other  words,  stops  convection.  Fur, 
feathers,  eider-down,  and  wool  owe  their  warmth  to  the  air 
entangled  in  them. 

EXAMPLES  ON  CHAPTER  XI 

1.  How  would  you  show  that  copper  conducts  heat  better  than  iron  ? 
Does  your  experiment  conclusively  prove  that,  under  similar  conditions, 
more  heat  travels  along  the  copper  than  along  the  iron  ? 

2.  Explain  the  construction  and  mode  of  action  of  the  Davy  safety- 
lamp,  and  describe  experiments  in  support  of  your  explanation.      Under 
what  circumstances  does  the  lamp  become  unsafe  ? 

3.  The  walls  of  a  room  are  70  cm.    thick,  and  are  built  of  materials 
having  a  thermal  conductivity  of  about  0-0035.      Find  the  loss  of  heat  by 
conduction  per  hour  per  square   metre  of  wall,   when  the  temperature 
inside  the  room  is  15°,  and  outside  the  room  5°. 

4.  It   is  found   that  14,400,000  heat-units  are  transmitted   per  hour 
across  an  iron  plate  2  cm.  thick  and  500  sq.  cm.  in  area,  when  its  opposite 
sides  are  kept  at  o°  and  100°  respectively  :  what  is  its  coefficient  of  con- 
ductivity ? 

5.  How  many  heat-units  pass  per  minute  across  a  plate  of  copper 
i  metre  long,  i  metre  broad,  and  i  cm,  thick,  when  its  opposite  faces  are 
kept  at  temperatures  differing  by  io°? 
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TRANSMISSION   OF   HEAT— CONVECTION 

118.  On  account  of  their  low  conductivity,  fluids  (i.e.  liquids 
and  gases)  are  only  warmed  very  slowly  when  the  heat  is 
applied  from  on  top.  But  they  soon  get  warm  when  the  heat 
is  applied  from  below,  as  when  water  is  heated  in  a  kettle  by 
placing  it  on  a  fire,  or  when  air  is  heated 
by  contact  with  warmer  soil.  The  parts 
which  are  first  heated  expand,  and  being 
thus  rendered  lighter  l  they  ascend  :  their 
place  is  taken  by  colder  parts  of  the  fluid, 
which,  in  turn,  are  heated  and  also  as- 
cend. There  is  thus  produced  in  the  fluid 
an  upward  current  which  carries  heat 
with  it.  This  mode  of  transmission  of 
heat  is  called  convection,  and  may  be 
defined  as  follows  : — 

Convection  is  the  transmission  of  heat 
by  actual  motion  of  the  parts  of  a  heated 
fluid. 

It  is  clear  that  convection-currents  can 
only  be  produced  in  liquids  and  gases, 
for  the  parts  of  a  solid  cannot  move 
about  in  the  manner  described. 

119.  Convection  in  Liquids. — The 
convection  of  heat  in  liquids  may  be  illus- 
trated by  the  following  experiments  : — 

EXPT.   62. — Fill  a  round -bottomed  flask  with  water,  and 
1  See  Expt.  16,  p.  53. 
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drop  into  it  some  crystals  of  magenta  dye.  Heat  the 
flask  over  a  small  flame  (smaller  than  that  shown  in  the 
figure).  The  water  just  above  the  heated  spot  ascends,  and  its 
place  is  taken  by  colder  water  from  the  sides.  A  current  of 
hot  (and  coloured)  water  rises  up  the  middle  of  the  flask, 
spreads  out  on  top,  and  then  works  its  way  down  the  colder 
sides  as  indicated  by  the  arrows. 

The    direction    of  the    currents    may    also    be    shown    by 
throwing  in  sawdust. 

EXPT.  63. — With  the  aid  of  a  lantern  convection-currents 
in  water  may  be  shown  by  projection  on  a  screen. 


Fig.  79. 


Fig.  80. 

The  water  (slightly  warmed)  is  placed  in  a  cell  with  parallel 
glass  sides  (Fig.  79),  and  the  image  of  this  is  focussed  on  the 
screen.  If  a  piece  of  ice  be  now  floated  on  the  water,  it  will 
gradually  melt,  and  the  colder  water  sinks  to  the  bottom  of  the 
cell.  The  descending  current  shows  upon  the  screen  in  the 
form  of  streaks,  which  are  due  to  the  unequal  refraction  by  cold 
and  warm  water  (see  Light,  ch.  vi.). 

Or  again,  the  cell  may  be  filled  with  cold  water  and  hot 
water  may  be  introduced  into  this  by  means  of  a  pipette 
dipping  into  it.  If  this  is  done  very  slowly  and  cautiously,  the 
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hot  water  will  be  seen  to  rise  upwards  and  form  a  layer  floating 
on  the  colder  water.  (The  image  on  the  screen  is  of  course 
inverted.)  (See  Light,  ch.  viii.) 

EXPT.  64. — Make  a  paper  box  by  folding  stout  writing- 
paper  ;  put  a  few  stitches  in  to  keep  the  flaps  from  opening, 
and  hang  the  box  up  by  threads  from  the  four  corners  (Fig. 
80).  Half- fill  the  box  with  water  and  let  the  flame  of  a 
Bunsen  burner  play  on  the  bottom  of  it.  The  water  can  be 
heated  to  boiling  without  scorching  the  paper. 

You  should  not  conclude  from  this  experiment  that  paper  is 
a  good  conductor  of  heat.  It  rather  shows  how  rapidly  heat  is 
carried  off  by  convection.  If  it  were  not  for  the  water  the 
paper  would  soon  burn,  and  if  the  flame  is  too  big  the  box  does 
get  scorched  above  the  water-line. 

12O.  Circulation  of  Water. — The  following  experiment 
shows  how  a  continuous  circulation  of  water  can  be  maintained 
by  convection  : — 

EXPT.  65. — A  glass  tube  of  the  form  shown  in  Fig.  81  is 


Fig.  8 1. 

filled  with  water  up  to  the  open  neck  on  top,  and  one  of  the 
vertical  branches  of  the  tube  is  heated  (near  the  lower  corner) 
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by  means  of  a  small  gas-flame  or  spirit-lamp.  The  heated 
water  ascends  and  its  place  is  taken  by  colder  water  from 
below. 

To  show  up  the  motion  of  the  water  better,  drop  in  through 
the  neck  a  little  magenta  dye  (as  much  as  can  be  taken  up  on 


Fig.  82. — Hot- Water  Heating  Apparatus. 

the  point  of  a  penknife,  crushed  and  moistened  with  water 
before  dropping  it  in).  The  coloured  water  moves  towards  the 
left,  passes  down  the  left-hand  tube,  and  so  round  as  shown  by 
the  arrows.  The  circulation  can  be  kept  up  as  long  as  you 
please,  but  cannot  well  be  followed  after  the  dye  has  worked 
round  to  the  neck. 
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121.  Heating  by  Hot  Water. — One  of  the  best  methods 
of  heating  large  buildings  is  by  means  of  hot-water  pipes.     The 
general  arrangement  of  a  hot- water  system  is  shown  in  Fig.  82. 
The  principle  on  which  the  method  depends  has  been  illustrated 
in  Expt.  65. 

The  water  is  heated  in  the  boiler  B,  and  rises  up  through 
the  pipe  ab ;  it  then  passes  through  coils  (C,  C',  etc.)  which 
are  placed  in  the  various  rooms  and  serve  to  distribute  the  heat 
wherever  it  is  most  required.  Having  parted  with  much  of  its 
heat,  the  water  is  now  colder  and  heavier ;  it  sinks  through  the 
return  pipe  cd  to  the  bottom  of  the  boiler,  where  it  is  again 
heated  and  begins  its  journey  afresh. 

All  three  processes — conduction,  convection,  and  radiation — come  into 
play  here.  Heat  is  radiated  out  into  each  room  from  the  pipes  and  coils  ; 
these  are  painted  a  dull  black  so  as  to  increase  their  emissive  power  (p. 
161),  and  the  separate  pipes  in  each  coil  are  provided  with  numerous  flanges, 
so  as  to  increase  the  radiating  surface.  It  is  by  conduction  that  the  heat 
passes  from  the  furnace  through  the  boiler  into  the  water  and,  later  on, 
from  the  water  to  the  outer  surface  of  the  pipes  and  coils.  The  air  above 
these  is  heated  by  convection  ;  and  the  whole  system  is  a  capital  example 
of  a  continuous  water  convection -current  carrying  heat  with  it  from  the 
boiler  to  the  coils. 

122.  Convection  in  Gases. — The  draught  up  a  chimney 
is  a  familiar  example  of  convection.      Before  passing  into  the 
chimney  the  air  is  heated  by  the  fire  and  is  thus  rendered 
lighter  than  the  air  outside.      In   the  same  way  convection- 
currents  are  produced  in  the  chimneys  of  oil-lamps. 

The  upward  motion  of  the  air  above  any  hot  body  (e.g.  a 
red-hot  poker)  may  be  observed  by  holding  near  it  a  piece  of 
smouldering  brown  paper  (or  'touch-paper ''made  by  soaking 
brown  paper  in  saltpetre  solution  and  then  drying  it). 

The  quivering  appearance  of  objects  seen  over  lime-kilns 
and  chimney-stacks  is  due  to  the  irregular  refraction  of  light 
through  the  heated  air  as  it  rises  up.  In  this  way  convection- 
currents  in  air  may  be  well  shown  by  using  a  lantern  as  in 
Expt.  63  (excepting  that  here  no  focussing  is  necessary). 

EXPT.  66. — Hold  a  spirit-lamp  in  a  strong  beam  of  light 
from  the  lantern,  and  examine  its  shadow  on  the  screen. 
Wavy  streaks  of  light  around  and  above  the  flame  show  the 
ascending  currents  of  hot  air. 

Examine  in  the  same  way  the  shadow  of  a  red-hot  poker  or 
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of  an  iron  or  copper  ball  heated  to  redness.  Observe  that 
below  the  ball  the  air  is  only  heated  to  a  very  short  distance. 
This  shows  what  a  bad  conductor  air  is. 

EXPT.  67. — Place  a  lighted  candle-end  on  a  saucer  and  pour 
some  water  round  it ;  over  the  candle  place  a  lamp-glass.  The 
flame  flickers  awhile  and  then  goes  out.  There  is  an  open 
outlet  above  for  the  heated  air  and  products  of  combustion, 
but  no  fresh  air  can  get  in  below  and  so  the  candle  cannot  burn. 

Repeat  the  experiment  and  introduce  a  piece  of  cardboard 
down  the  middle  of  the  lamp-glass  as  in  Fig.  83.  The  flame 
appears  to  be  blown  about  a 
bit  at  first,  but  it  brightens  up 
and  keeps  alight.  The  card- 
board has  roughly  divided  up 
the  chimney  into  two  halves  and 
the  flame  makes  use  of  one  of 
these  to  get  rid  of  the  hot  gases 
while  the  other  brings  fresh  air 
down  to  it.  The  existence  of 
these  two  currents  can  be  shown 
by  holding  smouldering  paper 
near  the  top  of  the  lamp-glass. 

123.  Ventilation  of 
Rooms. — In  our  climate  dwell- 
ing-rooms are  usually  warmer 
than  the  air  outside.  This  is 
not  only  due  to  fires  and  lights, 
but  also  to  the  heat  given  out  by 
our  own  bodies.  This  hot  and  impure  air  rises  to  the  top  of  the 
room,  as  you  may  easily  prove  by  standing  on  a  table  in  a 
closed  room  where  several  gas-jets  have  been  burning.  In 
order  to  keep  the  air  sufficiently  pure  for  respiration  we  require 
some  system  of  ventilation,  i.e.  some  means  of  getting  rid  of 
hot  impure  air  and  replacing  it  by  cool  fresh  air. 

If  you  slightly  open  the  door  of  a  room  and  hold  a  lighted 
candle  in  the  gap,  you  will  generally  find  that  near  the  floor 
the  flame  is  blown  inwards  (Fig.  84).  At  the  top  (unless  the 
room  is  very  high)  it  is  drawn  outwards  :  while  a  position  (about 
half-way  up)  can  generally  be  found  in  which  the  flame  burns 
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steadily.      Thus  cold  air 
at  the  bottom,   driving 


tends  to  make  its  way  into  the  room 
out  the  warm  light  air  above.  Two 
things  are  therefore  necessary 
before  a  room  can  be  properly 
ventilated  :  an  outlet  for  warm 
air  just  under  the  ceiling,  and 
an  inlet  for  fresh  air  near  the 
floor. 

124.  Ventilation  of  Mines. 
— Coal-mines  have  to  be  thor- 
oughly ventilated  in  order  to 
supply  fresh  air  for  breathing 
and  also  to  prevent  accumulation 
of  the  dangerous  and  inflam- 
mable fire-damp  referred  to  in 
Art.  113.  For  this  purpose  two 
vertical  shafts  are  provided  at 
opposite  ends  of  the  mine.  At 
F;  g  the  bottom  of  one  of  these 

(called  the  up-cast  shaft)  a  large 

fire1    is    kept    burning,  and    this  creates  a  powerful    upward 

draught.       Fresh    cold 

air  enters  through  the 

other  shaft  (called  the 

down-cast    shaft),    and 

has    to    make    its  way 

through      the     various 

workings   of  the    mine 

before    it    reaches    the 

up  -  cast    shaft.       The 

action    of    the    system 

may  be    illustrated    as 

follows  : — 

EXPT.  68.  —  Take 
off  the  front  of  a  flat 
wooden  box  and  re- 
place it  by  a  sheet  of 
glass.  Cut  two  holes 

1  Fans  are  often  used  nowadays  instead  of  the  fires  above  referred  to. 
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in  the  top  of  the  box  (at  opposite  ends)  and  put  a  lighted 
candle  in  the  box  under  one  of  these.  Over  each  of  the  holes 
place  a  lamp-chimney  or  wide  glass  tube,  as  in  Fig.  85  (p. 
152).  The  left-hand  tube  represents  the  up-cast  shaft,  the 
candle  the  fire,  the  right-hand  tube  the  down-cast  shaft,  and 
the  box  itself  the  mine. 

By  holding  smouldering  paper  at  the  top  of  the  tubes,  it  can 
be  shown  that  there  is  a  steady  current  of  air  down  the  right- 
hand  tube,  through  the  box,  and  up  the  left-hand  tube. 

125.  Convection-Currents  in  Nature. — The  student 
should  here  read  Arts.  45,  46  again.  Winds  will  be  treated 
of  in  Chapter  XIV,  after  we  have  considered  radiation:  they 
are  natural  convection -currents  produced  by  the  unequal 
heating  of  the  various  parts  of  the  surface  of  our  globe. 

Ocean  currents  cannot  strictly  be  regarded  as  convection- 
currents.  Generally  they  do  not  extend  to  any  great  depth  ; 
they  are  produced  by  the  action  of  the  winds,  and  for  the  most 
part  (allowing  for  return-currents  and  disturbances  produced 
by  the  presence  of  land)  they  follow  the  direction  of  the  pre- 
vailing winds.  These  in  tropical  regions  are  easterly  (i.e. 
blow  from  east  to  west),  and  so  in  the  Atlantic  Ocean  there  is 
an  equatorial  current  from  east  to  west.  (This  would  be 
called  a  westerly  current :  for,  curiously  enough,  it  is  usual  to 
name  a  wind  according  to  the  quarter  from  which  it  blows, 
whereas  a  current  is  named  according  to  the  direction  towards 
which  it  flows).  This  equatorial  current  divides  when  it 
reaches  the  north-east  shoulder  of  South  America  (Cape  San 
Roque)  :  the  greater  part  passes  north-west  into  the  Caribbean 
Sea,  and  after  skirting  the  Gulf  of  Mexico  flows  out  as  a 
mighty  stream  of  warm  water — the  Gulf  Stream — which 
skirts  the  coast  of  the  United  States  and  then  sweeps  across 
the  Atlantic  to  the  north-west  coasts  of  Europe.  As  an 
example  of  the  effect  of  the  Gulf  Stream  on  climate,  it  may 
be  stated  that  the  harbour  of  Hammerfest  in  Norway  is  free 
from  ice  all  the  year  round  ;  whereas  the  mouth  of  the  Baltic 
(12  degrees  farther  south)  and  the  river  Hudson  (in  the 
same  latitude  as  Rome)  are  frozen  over  three  months  in  the 
year.  The  comparative  mildness  of  winter  in  the  British 
Isles  is  largely  due  to  the  influence  of  the  Gulf  Stream. 


CHAPTER  XIII 
TRANSMISSION  OF  HEAT— RADIATION 

126.  Introductory. — We  have  already  referred  (Art.  104) 
to  radiation  as  a  third  mode  of  transmission  of  heat.  It  is  by 
radiation  that  the  sun  warms  our  earth.  We  may  at  once 
mention  two  respects  in  which  radiation  differs  from  the  other 
modes  of  transmission  of  heat-  A  hot  body  emits  radiation  in 
all  directions  and  in  straight  lines.  An  obstacle  interposed  in  the 
direct  line  between  you  and  a  source  of  heat  at  once  cuts  off  the 
radiation.  You  can  protect  your  face  from  the  heat  of  a  fire 
by  holding  a  book  or  paper  between  ;  and  when  the  sun's  rays 
are  too  powerful  you  seek  relief  by  getting  into  the  shade. 

The  transmission  of  heat  by  convection,  on  the  other  hand, 
always  takes  place  in  one  direction  (e.g.  by  upward  currents)  ; 
and  conduction  is  not  restricted  to  straight  lines,  for  a  bent 
wire  conducts  heat  as  well  as  a  straight  one. 

Light  is  known  to  travel  at  the  rate  of  about  186,400  miles 
per  second.  Now,  when  an  eclipse  of  the  sun  takes  place,  it  is 
found  that  the  light  and  he^  are  cut  off  at  the  same  time  ; 
hence  both  must  travel  with  the^same  enormous  speed.  Another 
characteristic  of  heat-radiation  is  that  the  medium  or  substance 
through  which  it  passes  is  not  thereby  sensibly  warmed.  It 
is  true  that  many  media  are  only  partially  transparent  to 
heat ;  these  absorb  a  portion  of  the  radiation  as  it  passes 
through  them  (just  as  partially  transparent  glass  absorbs  a 
certain  proportion  of  light),  and  are  thereby  warmed.  With  this 
reservation  we  may  define  the  process  of  radiation  as  follows  : — 

Heat  is  said  to  be  transmitted  by  radiation  when  it  passes 
from  one  point  to  another  in  straight  lines,  with  great  speed, 
and  without  heating  the  medium  through  which  it  passes. 
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127.  Radiant  Energy. — The  common  use  of  the  term 
'  radiant  heat '  might  lead  the  student  to  suppose  that  there 
are  different  kinds  of  heat,  of  which  'radiant  heat'  is  one.    This 
is  not  so.     Strictly  speaking,  radiation  is  not  heat  at  all :  at  any 
rate,  it  does  not  exhibit  the  ordinary  properties  of  heat.      If  it 
were,  it  could  not  pass,  as  it  is  known  to  do,  through  bodies 
without  sensibly  heating  them. 

In  the  first  chapter  of  this  book  we  saw  that  there  was  the 
best  reason  for  believing  that  heat  is  itself  a  form  of  energy, 
and  that  in  a  hot  body  it  exists  in  the  form  of  kinetic  energy 
of  its  particles.  Now  consider  what  happens  when  the  surface 
of  water  in  a  pond  is  disturbed  by  stirring  it  with  a  stick  or 
throwing  a  stone  in.  The  disturbance  spreads  outwards  in  the 
form  of  a  circular  wave  which  carries  with  it  a  portion  of  the 
original  energy  and  produces  corresponding  disturbances  of 
leaves  and  mud  when  it  reaches  the  edge  of  the  pond.  I  f  the 
original  disturbance  is  repeated  at  regular  intervals,  a  regular 
series  of  progressive  waves  is  produced.  This  transference 
of  energy  by  water  waves  may  assist  us  in  picturing  how  heat 
may  be  transmitted  by  radiation. 

For  suppose  a  hot  solid  to  be  suspended  in  the  middle  of  a 
room.  Its  particles  are  in  a  continuous  state  of  rapid  vibration 
and  we  can  easily  conceive  that  this  disturbance  is  communicated 
to  the  surrounding  medium,  producing  in  it  progressive  waves 
of  radiant  energy.  Water-waves  give  us  only,  a  rough  idea 
of  how  these  heat-waves  are  propagated :  for  in  the  latter  case 
the  waves  follow  each  other  far  more  closely  and  rapidly  and 
are  propagated,  not  over  a  surface,  but  throughout  the  whole 
of  the  surrounding  medium.  Th<  disturbing  cause  producing 
these  waves  is  the  hot  body  emitting  the  radiation.  The  waves, 
in  general,  travel  freely  outwards  in  all  directions  in  the  form 
of  spheres  ;  but  when  they  strike  against  an  obstacle  they 
may  be  partly  reflected  from  its  surface,  partly  absorbed 
by  it,  and  partly  transmitted  through  it.  Bright  polished  tin- 
plate  may  be  taken  as  a  type  of  a  good  reflector ;  lamp-black 
as  a  type  of  a  good  absorber  ;  and  rock-salt  as  the  best  example 
of  a  substance  which  is  transparent  to  heat-radiation. 

128.  Heat  and  Light  are  Forms  of  Radiant  Energy. 
— A  body  heated    in   a  dark   room   to   a   comparatively  low 
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temperature,  say  below  a  dull-red  heat,  is  not  visible  ;  it  emits 
only  heat-radiation.  But  when  it  is  heated  above  this  tempera- 
ture it  becomes  visible  ;  it  now  emits  both  kinds  of  radiation,  or 
it  would  be  more  correct  to  say  that  the  effect  produced  by  its 
radiation  depends  upon  the  object  on  which  that  radiation  falls. 
It  affects  the  surface  of  our  bodies  as  heat ;  it  produces  in  our 
eyes  the  sensation  of  light. 

In  fact,  heat  and  light  are  both  forms  of  radiant  energy. 
Certain  kinds  of  radiation  produce  mainly  heating  effects  with 
scarcely  any  light ;  for  example  the  radiation  emitted  by  an 
iron  ball  below  a  dull-red  heat.  And  certain  others  are 
employed  for  giving  light  with  as  little  heat  as  possible  ;  for 
example,  electric  lights.  But,  in  general,  both  effects  can  be 
produced  by  the  radiation  emitted  from  any  source.  The 
difference  between  heat  and  light  is  a  difference  in  degree 
rather  than  in  kind. 

When  a  series  of  water-waves  follow  each  other  at  regular 
intervals,  the  distance  between  one  crest  and  the  next  (or 
between  one  trough  and  the  next)  is  called  a  wave-length.  Now 
the  difference  between  the  two  kinds  of  disturbances  which  are 
commonly  called  radiant  heat  and  light  respectively  lies  in 
this  :  that  the  wave-length  of  light  waves  is  shorter  than  that 
of  heat-waves.  The  light-waves  follow  each  other  more  closely 
than  the  heat-waves.  Again  the  wave-length  of  violet  light  is 
shorter  than  the  wave-length  of  red  light.  And  corresponding 
to  these  differences  of  degree  among  light- waves,  there  are 
differences  of  degree  among  heat-waves.  In  the  case  of  light 
we  call  these  differences  in  colour.  We  have  no  word  in 
everyday  language  for  the  corresponding  differences  in  the  case 
of  heat-radiation,  but  their  existence  accounts  for  certain 
peculiarities  in  its  behaviour  which  are  referred  to  in  Art.  134. 

Much  of  what  is  stated  in  this  chapter  will  be  better 
understood  after  the  student  has  read  the  next  section  of  this 
book  (Light).  The  laws  of  reflection  and  refraction  are  the 
same  for  heat  as  for  light.  If  an  image  of  the  sun  be  formed 
with  a  lens  on  paper  or  on  the  back  of  the  hand,  the  heat  is 
found  to  be  focussed  at  about  the  same  spot,  a  fact  with  which 
schoolboys  are  sufficiently  familiar,  and  which  shows  that  heat- 
radiation  can  be  refracted  as  light  is.  Again,  the  law  of 
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inverse  squares  (p.  187)  applies  here  as  in  the  case  of  light,  and 
it  is  best  to  study  the  two  sets  of  phenomena  in  connection 
with  one  another. 

129.  Radiant     Energy    can     travel     through     a 
Vacuum. — We  can  see  as  well  through  an  exhausted  glass 
vessel   as   through   one  which   contains   air. 

The  light  travels  as  readily  through  the 
vacuous  space  as  it  does  through  the  air. 
And  the  same  is  true  for  heat-radiation.  We 
have  the  best  reasons  for  believing  that  our 
atmosphere  is  an  envelope  which  extends  for 
only  a  comparatively  short  distance  around 
our  globe  ;  and  yet  the  heat  and  light  of  the 
sun  reach  us  easily  through  inter-planetary 
space.  This  behaviour  is  not  confined  to 
heat  which  is  radiated  together  with  light 
from  sources  at  a  high  temperature  ('luminous 
heat '  as  it  used  to  be  called)  ;  for  Rumford 
showed  that  heat  ('  obscure  heat ')  is  radiated 
in  the  same  way  from  bodies  at  a  compara- 
tively low  temperature.  He  sealed  a 
thermometer  (a}  within  a  glass  vessel  of  the 
form  shown  in  Fig.  86.  The  vessel  was 
filled  with  mercury  and  then  inverted  over 
mercury  so  as  to  form  a  barometer  having  a 
vacuum  within  the  bulb.  Having  sealed  off 
the  vacuous  bulb  he  dipped  it  into  boiling 
water  and  thereupon  observed  an  immediate 
rise  in  the  temperature  of  the  thermometer. 
This  showed  that  heat  was  propagated  by  radiation  from 
the  hot  water  to  the  bulb  through  the  vacuum. 

130.  Apparatus,  etc. — The  most  delicate  methods  of  ex- 
amining and  measuring  radiant  energy  are  electrical  methods 
into  which  we  cannot  enter  here.     For  a  description  of  them  the 
student  is  referred  to  Professor  Balfour  Stewart's  Lessons  in 
Elementary  Physics,  in  which  will  also  be  found  an  excellent 
discussion  of  the  whole  subject  of  radiant  energy  and  of  the 
relations  between  heat  and  light.     The  instruments  described 
below  are  not  adapted  for  measuring  purposes,  but  they  are 
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easily  constructed  and  will  serve  to  illustrate  in  a  rough  way 
the  most  important  facts  in  the  behaviour  of  radiant  energy. 

For  detecting  the  presence  of  heat-radiation  the  differential 
thermometer  (Fig.  39)  may  be  employed.  The  bulbs  should 
be  painted  over  a  dull  black ; l  the  reason  for  this  will  be 
explained  in  Art.  132.  The  ether-thermoscope  shown  in  Fig. 
87  is  even  more  delicate  than  the  differential  thermometer. 
It  is  made  like  the  cryophorus  (p.  116),  excepting 
that  it  contains  coloured  ether  instead  of  water.  It 
may  be  regarded  as  a  differential  thermometer  in 
which  the  ether  forms  the  indicating  column  and  in 
which  the  bulbs  contain  ether-vapour  instead  of  air. 
When  the  lower  bulb  is  held  in  the  hand  or  placed 
near  a  hot  body  the  pressure  of  the  ether-vapour 
inside  it  increases  (p.  102),  and  so  the  liquid  ether 
is  forced  up  in  the  stem.  The  lower  bulb  should  be 
blackened. 

As  a  source  of  heat  a  cubical  tin  box  (of  about 
5  inches  side,  see  Fig.  93)  filled  with  water  may  be 
used.     One  of  the  vertical  sides  of  the  box  should 
be  left  as  bright  tin-plate ;  the  opposite  one  may  be 
blackened  as  explained  in  the  footnote  or  by  holding 
it   over    the    smoky   flame    of  burning    camphor    or 
Fig.  87.     turpentine.      The  other  two   may  be   treated  as   re- 
quired for  any  particular  experiment ;  e.g.  you   may 
paste  white  paper  over  one  and  roughen  the  other  with  coarse 
sand  paper.     A  box  so  prepared  is  called  a  '  Leslie's  cube,' 
for  such  boxes  were  used  by  Sir.  J.  Leslie  in  his  researches  on 
radiation. 

As  a  more  powerful  source  of  heat  we  may  use  a  copper 
or  iron  ball  (about  ij  inch  in  diameter)  heated  to  redness  in 
a  fire  (Fig.  9 1 ). 

We  will  now  proceed  to  consider  the  reflection,  absorption, 
and  emission  of  radiation,  in  so  far  as  they  can  be  illustrated 
with  the  aid  of  simple  apparatus. 

131.  Reflection. — EXPT.  69. — Procure  two  tubes  of  bright 

1  A  lamp-black  surface  is  best.  The  lamp-black  should  be  ground  up 
with  thin  shellac  varnish,  or  with  a  mixture  of  equal  parts  of  gold  size  and 
turpentine,  and  then  applied  with  a  brush. 
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tin-plate  about  2   feet  6  inches  long  and  3  inches  in  diameter. 
Support   them   horizontally   on    suitable    stands,  as   shown    in 


B 


Fig.  88. 

Fig.  88,  the  two  tubes  making  an  angle  of  about  120°  with 
one  another.  At  the  mouth  of  one  place  the  ether- 
thermoscope  T  (or  one  bulb  of  the  differential  thermometer), 
and  at  the  mouth  of  the  other  place  the  red  -  hot  ball. 
Generally,  no  effect  will  be  produced  on  the  thermoscope. 
Now  place  at  R  a  vertical  sheet  of  bright  tin-plate  equally  in- 
clined to  the  two  tubes.  This  reflects  the  radiation  through  the 
second  tube  and  the  heating  effect  is  shown  by  the  rapid  rise  of 
the  liquid  column  in  the  thermoscope.  By  altering  the  position 
of  the  tin-plate  sheet,  it  can  be  shown  that  the  heating  effect  is 
greatest  when  the  reflector  is  equally  inclined  to  the  two  tubes. 

If  NP  (Fig.  89)  be  the  normal  or  perpendicular  to  the  reflecting  surface 
where  the  incident  ray  IN  meets  it,  the  angle  INP  is  called  the  angle  of 


Fig.  89. 


Fig.  90. 


incidence.  The  angle  PNR,  between  the  reflected  ray  NR  and  the 
normal,  is  called  the  angle  of  reflection.  The  laws  of  reflection  here  are 
the  same  as  in  the  case  of  light  (p.  203),  viz. — 

I.  The  reflected  ray  lies  in  the  plane  containing  the  incident  ray  and 
the  normal,  and  on  the  opposite  side  of  the  normal. 

II.  The  angles  of  incidence  and  reflection  are  equal. 


i6o 


HEAT 


CH.  XIII 


EXPT.  70. — The  use  of  the  tin-plate  tube  is  in  itself  an 
example  of  reflection.  If  the  ball  and  thermoscope  be  placed 
as  at  B  and  T  (Fig.  90),  with  the  tube  between  them,  the 
heating  effect  will  be  so  great  as  to  drive  the  ether  into  the 
upper  bulb.  On  removing  the  tube  the  heating  effect  becomes 
much  smaller.  Only  a  small  fraction  of  the  total  radiation 
(viz.  that  travelling  directly  from  B  to  T)  now  reaches  the  bulb. 
But  when  the  tube  is  interposed,  rays  such  as  BC  and  BD 
(which  would  otherwise  travel  along  the  dotted  lines)  strike 
against  it,  and  after  one  or  more  reflections  from  the  inside  of 
the  tube  they  reach  the  bulb  T. 

EXPT.  71. — A  more  striking  illustration  of  reflection  can  be 
obtained  with  a  pair  of  concave 
metallic  mirrors  (best  of  nickel- 
plated  copper).  These  should 
be  placed  facing  one  another  in 
a  straight  line.  The  red-hot  ball 
is  placed  in  the  principal  focus  of 
one  and  the  bulb  of  the  thermo- 
scope in  the  focus  of  the  other 
(Light,  ch.  v.).  Even  when  the 
mirrors  are  over  10  feet  apart 
the  reflection  and  concentration 
of  the  heat  can  in  this  way  be 
easily  shown. 

132.  Absorptive  Power. 
— A  sheet  of  bright  tin-plate  re- 
flects most  of  the  radiation  which 
falls  upon  it.  A  sheet  which  has 
not  been  tinned  ('  black-plate '), 
or  which  has  had  its  surface 
blackened,  is  a  very  poor  re- 
flector :  it  absorbs  most  of  the 
Fig.  9i.  radiation  and  is  thereby  heated. 

Thus    different    substances    have 

different  absorptive  powers.  The  following  experiments  show 
that  dull  black  surfaces  are  good  absorbers,  whereas  bright 
polished  surfaces  are  bad  absorbers. 
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EXPT.  72. — Take  two  sheets  of  tin-plate  and  blacken  the 
face  of  one  with  lamp-black  (p.  158  note}.  On  the  back  of  each 
(in  the  centre)  solder  a  short,  thick  copper  rod.  To  the  end 
of  each  rod  attach  a  marble  or  wooden  ball  with  wax.  Hang 
up  the  sheets  as  shown  in  Fig.  91,  and  place  the  red-hot  ball 
midway  between  them.  The  ball  attached  to  the  blackened 
sheet  drops  off  long  before  the  other  does.  This  proves  that 
the  lamp-black  surface  is  a  much  better  absorber  than  the 
bright  tin-plate. 

EXPT.  73. — Blacken  one  bulb  of  the  differential  air-ther- 
mometer and  leave  the  other  clean. 
Expose  them  to  the  same  source  of 
heat  and  at  equal  distances.  The 
blackened  bulb  becomes  hotter  than 
the  other,  proving  that  lamp-black  is  a 
better  absorber  than  glass. 

EXPT.  74. — Paint  a  black  ring  (Fig. 
92)  with  lamp-black  varnish  on  the  face 
of  a  stout  piece  of  tin-foil.  Grind  up 
some  mercuric  iodide  with  weak  gum- 
water  (or  mastic  varnish),  and  paint 
this  over  the  back  of  the  tin -foil. 
Mercuric  iodide  is  a  scarlet  crystalline 
powder;  but  when  heated  to  about 
150°  it  is  converted  into  a  yellow  modi- 
fication. 

Now  heat  a  flat  piece  of  iron  to  redness  and  hold  it  about 
2  inches  in  front  of  the  tin-foil ;  on  looking  at  the  back  of  it 
you  will  see  on  the  scarlet  background  a  ring  of  yellow  mercuric 
iodide  corresponding  exactly  to  the  blackened  ring  in  front. 

133.  Emissive  or  Radiating  Power. — The  radiation 
emitted  by  a  hot  body  depends  (i)  upon  its  temperature,  and 
(2)  upon  the  nature  of  its  surface.  The  radiation  increases  as 
the  body  gets  hotter,  but  it  does  not  depend  upon  the  tempera- 
ture alone.  Some  substances  give  out  more  radiation  than 
others  at  the  same  temperature  and  are  said  to  have  higher 
emissive  or  raftiating  powers.  And  it  is  found  that  the 
surfaces  which  have  the  highest  emissive  powers  are  precisely 
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those  which  are  the  best  absorbers  (e.g.  dull  black  surfaces). 
This  is  expressed  by  saying  that  '  good  absorbers  are  also  good 
radiators?  It  will  be  sufficient  if  we  test  the  correctness  of 
this  statement  in  the  case  of  the  bright  and  black  tin-plate. 

EXPT.  75. — Turn  up  the  blackened  bulbs  of  the  differential 
thermometer  as  shown  in  Fig.  93. 
Place  the  Leslie's  cube  on  the  ring 
of  a  retort-stand  mid -way  between 
the  bulbs.  Turn  it  so  that  the 
lamp -blacked  surface  faces  one  of 
the  bulbs  and  the  bright  tin-plate 
surface  faces  the  other.  See  that 
the  bulbs  are  at  equal  distances 
from  the  sides.  Fill  the  cube  with 
boiling  water.  The  radiating  sur- 
faces are  now  at  the  same  tempera- 
ture (i  00°)  ;  but  the  liquid  column 
on  the  same  side  as  the  blackened 
surface  at  once  begins  to  fall.  This 
shows  that  lamp-black  is  a  much 
more  powerful  radiator  than  bright 
tin-plate. 

EXPT.  76. — Procure  two  tin  pots 
(saucepans)  of  the  same  size,  and 
coat  the  outside  of  one  with  lamp- 
black (p.  158  note),  leaving  the  other 
bright ;  hang  them  up  by  strings  at 
a  convenient  height  and  distance 
apart,  so  that  the  bulbs  of  the 
differential  thermometer  can  be 
introduced,  one  into  each  pot. 
Fis-  93-  (For  this  experiment  the  bulbs 

should  be  turned  down  as  in   Fig. 

39,  and  they  need  not  be  blackened.)  Open  the  stop-cock 
of  the  thermometer ;  take  enough  water  to  fill  both  pots  and 
warm  it  to  about  70°  ;  pour  half  into  one  pot  and  half  into 
the  other.  Close  the  stop-cock  and  watch  the  thermometer  as 
the  water  cools.  The  column  on  the  same  side  as  the 
blackened  pot  gradually  rises,  showing  that  this  cools  more 
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rapidly  than  the  bright  one.  Thus  we  have  again  proved  that 
a  lamp-black  surface  radiates  out  more  heat  than  a  surface  of 
bright  tin-plate  at  the  same  temperature. 

Just  as  the  surface  of  the  earth  is  a  better  absorber  than  the 
surface  of  the  sea,  so  it  is  a  better  radiator.  Both,  during  the 
night,  lose  heat  by  radiation  into  space.  But  the  earth  cools 
more  rapidly  than  the  sea  does  :  and,  of  the  various  bodies  on 
the  surface  of  the  earth,  those  which  are  the  best  radiators  will 
suffer  the  greatest  loss  of  heat.  This  is  one  reason  why  dew  is 
found  to  be  more  copiously  deposited  upon  grass  and  plants 
than  upon  stones  and  metal  surfaces  (Art.  137). 

134.  Diathermancy  or  Transmissive  Power. — Bodies 
which  easily  allow  heat  radiation  to  pass  through  them  are  said 
to  be  diathermanous.  Among  solids  rock-salt  is  the  best 
example  of  such  a  substance.  Our  atmosphere  is  fairly  dia- 
thermanous ;  but  water -vapour  is  not  so.  The  presence  of 
moisture  in  the  atmosphere  hinders  the  radiation  of  heat,  and 
hence  the  loss  of  heat  by  radiation  during  the  night  is  more 
marked  in  dry  climates  than  in  places  where  the  air  is  moist. 

Although  diathermancy  to  heat  radiation  corresponds  to 
transparency  to  light,  it  by  no  means  follows  that  bodies  trans- 
parent to  light  are  also  diathermanous  or  transparent  to  heat 
radiation.  Thus  alum  is  transparent  to  light,  but  is  opaque  to 
heat  radiation.  The  same  is  true  for  water;  so  that  a  cell 
containing  water  may  be  used  for  cutting  off  heat  while  it  lets 
the  light  through. 

If  iodine  be  dissolved  in  carbon  bisulphide,  a  reddish-black 
solution  is  obtained  which  (except  in  thin  layers)  is  opaque  to 
light.  Yet  this  solution  readily  transmits  heat-radiation,  and 
a  flask  filled  with  it  may  be  used  for  concentrating  heat  just 
as  a  glass  lens  or  a  flask  filled  with  water  may  be  used  for 
focussing  light. 

The  behaviour  of  glass  is  peculiar.  It  stops  the  radiation 
from  a  red-hot  ball  or  from  a  fire  ;  a  fact  which  is  sufficiently 
illustrated  by  the  use  of  glass  fire-screens.  But  if  the  source 
of  heat  be  at  a  higher  temperature  (e.g.  the  sun),  a  considerable 
fraction  of  the  radiation  from  it  is  transmitted  through  a  sheet 
of  glass.  If  you  put  your  hand  on  the  inner  ledge  of  a  window 
through  which  the  sun  is  shining,  you  may  find  the  ledge  quite 
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warm,  while  the  panes  of  glass  are  comparatively  cool.  The 
radiation  passes  through  the  glass  but  is  absorbed  by  the  ledge. 

The  explanation  is  that  not  only  the  quantity  but  also  the 
qttality  of  the  radiation  from  any  source  depends  upon  the 
temperature  of  the  source.  By  saying  this  we  do  not  mean  to 
assert  that  there  are  different  kinds  of  heat :  but  there  are 
different  kinds  of  heat  radiation.  Perhaps  it  would  be  more 
correct  to  say  that  there  are  differences  in  degree  rather  than 
in  kind.  The  heat-waves  sent  out  by  a  body  at  a  comparatively 
low  temperature  (such  as  an  iron  ball  at  a  dull-red  heat)  are 
of  comparatively  great  wave-length.  When  the  temperature 
of  the  body  is  raised  it  sends  out,  in  addition  to  these  waves, 
others  of  snorter  wave-length. 

Now  the  short  waves  pass  with  comparative  ease  through 
glass  while  the  longer  waves  are  almost  entirely  stopped  by  it. 
The  glass  exercises  a  kind  of  selective  absorption,  stopping 
some  of  the  waves  while  it  lets  others  through.  Thus  it  is 
opaque  to  the  radiation  from  a  source  at  a  comparatively  low 
temperature,  whereas  it  transmits  a  considerable  fraction  of  the 
radiation  from  a  source  at  a  high  temperature. 

QUESTIONS  ON  CHAPTERS  XII-XIII 

1.  Describe  an  experiment  to  illustrate  the  convection  of  heat,  and  trace 
the  processes  by  which  heat  is  conveyed  through  a  hot-water  heating- 
apparatus  from  the  boiler-fire  to  the  walls  of  a  room  heated  by  the  pipes. 

2.  Should  a  kettle  intended  to  be  heated  by  standing  in  front  of  a  fire 
be  bright  or  black  ?     State  fully  the  reasons  for  your  answer. 

3.  What  are  the  differences  in  the  behaviour  of  rock-salt,  alum,  and 
glass  towards  radiant  heat  ?     Would  a  rock-salt  fire-screen  prove  efficient  ? 

4.  What  effects  are  produced  upon  the  climate  of  a  place  and  upon  the 
variations  of  temperature  in  it,   by  the  presence  or  absence  of  aqueous 
vapour  in  the  atmosphere? 

5.  How  would  you  proceed  to  examine  the  emissive  powers  of  sub- 
stances for  heat  at  ioo°?     Given  three  substances  such  as  white  paper, 
tinfoil  and  lamp-black,  how  would  you  roughly  compare  their  absorptive 
powers  for  heat  from  a  given  source  ?     Mention  any  facts  that  you  may 
have  observed  showing  that  good  absorbers  are  also  good  radiators. 
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WIND,  DEW,  RAIN,   ETC. 

135.  Land-  and  Sea -Breezes. — Winds  are  convection- 
currents  produced  by  the  unequal  heating  of  the  various  parts 
of  the  surface  of  our  globe.  During  the  day-time  the  earth  is 
warmed  by  the  sun's  rays  and  imparts  its  heat  to  the  air  lying 
above  it.  The  sea  has  a  lower  absorbing  power  (Art.  132)  than 
the  earth,  and  its  specific  heat  (p.  87)  is  higher :  further,  the 
evaporation  from  the  surface  tends  to  keep  its  temperature  from 
rising.  Thus  the  sea  is  cooler,  during  the  day-time,  than  the 
land,  and  we  should  expect  the  colder  and  heavier  air  from  the 
sea  to  flow  inward,  displacing  the  warmer  and  lighter  air  over 
the  land  (Fig.  94). 

This  is  found  to  be  the  case  near  the  sea-coast,  especially 
on  islands  in  tropical  regions.  In  the  morning  a  breeze  from 
the  sea  springs  up,  increasing  in  strength  towards  the  afternoon, 
and  dying  away  at  sunset.  This  is  called  the  sea-breeze. 


lMnd(Warm) 


Sea  (Cool) 

Fig.  94. — Morning. 


Land  (Cool 


Sea  (Warm) 

Fig.  95.— Evening. 


After  sunset  both  land  and  sea  are  cooled  by  radiation. 
But  the  earth  is  a  better  radiator  than  the  sea  ;  it  cools  more 
rapidly  ;  and  so,  during  the  night-time,  the  sea  is  warmer  than 
the  land.  The  warmer  air  above  it  rises  upwards,  being 
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displaced  by  a  colder  current  from  the  land  (Fig.  95).  This 
is  the  land-breeze  which  blows  during  the  night  and  dies 
away  towards  morning. 

136.  The  Trade  Winds. — Of  greater  importance  than 
these  local  winds  is  the  great  system  of  Trade  Winds  which 
blow  all  the  year  round  over  a  belt  extending  about  30°  on 
both  sides  of  the  equator.  North  of  the  equator  the  Trade  is 
a  N.E.  wind  (i.e.  blows  from  the  north-east)  ;  south  of  the 
equator  it  is  a  S.E.  wind. 

The  Trade  Winds  are  due  to  the  intense  heat  of  the  sun  in 
equatorial  regions.  The  warmer  and  lighter  air  ascends  and 


Fig.  96. 

its  place  is  taken  by  currents  of  air  flowing  in  from  colder 
latitudes  both  N.  and  S.  of  the  equator  (see  Fig.  96).  If  this 
were  all,  we  should  expect  to  find  in  the  northern  hemisphere 
a  Trade  Wind  blowing  directly  from  the  north,  and  in  the 
southern  hemisphere  directly  from  the  south.  This  would  be 
the  case  if  our  earth  were  at  rest.  But  it  must  be  remembered 
that  the  earth  rotates  from  west  to  east,  and  this  eastward 
velocity  increases  as  we  pass  from  the  poles  to  the  equator.  A 
mass  of  air  moving  in  the  northern  hemisphere  from  north  to 
south  only  slowly  acquires  this  motion  towards  the  east :  it  is 
constantly  moving  southwards  into  regions  which  have  a  greater 
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easterly  velocity  than  itself.     Hence  it  appears  to  be  blowing 
towards  the  south-west ;  i.e.  it  is  a  N.E  wind. 

Similarly  the  Trade  Wind  in  the  southern  hemisphere  does 
not  blow  directly  from  the  south  but  is  a  S.E.  wind. 

137.  Dew. — On  clear,  cloudless  nights  the  earth  is  cooled 
by  radiation  into  space.     The  air  in  contact  with  it  is  also 
chilled,  and  if  its  temperature  falls  below  the  dew-point  (Art. 
98),  a  portion  of  the  water-vapour  present  is  deposited  in  the 
form  of  dew. 

When  the  temperature  of  the  air  falls  during  the-  night 
below  o°  the  water-vapour  present  is  deposited  in  the  solid 
crystalline  form  as  hoar-frost. 

The  deposition  of  dew  is  most  copious  on  calm,  clear  nights. 
Clouds  lessen  the  cooling  effect  of  radiation  ;  they  reflect  back 
the  heat  to  the  earth,  so  that  its  temperature  does  not  fall  as 
much  on  a  cloudy  night  as  when  the  sky  is  clear.  Wind 
hinders  the  formation  of  dew,  because  it  continually  brings  fresh 
portions  of  air  into  contact  with  the  earth  without  allowing 
them  to  remain  near  it  long  enough  to  be  cooled  to  the  dew- 
point. 

Again,  dew  is  most  copiously  deposited  upon  substances 
which  are  good  radiators,  and  which  have  a  clear  view  of  the 
sky.  The  substances  on  which  dew  is  most  readily  formed 
are  such  as  grass,  plants,  wool,  and  wood  :  these  are  good 
radiators  and  bad  conductors  of  heat,  so  that  they  quickly  cool 
on  clear  nights.  Very  little  dew  falls  upon  stones,  slates,  and 
metal  surfaces  :  for  although  they  may  be  fairly  good  radiators 
they  are  also  good  conductors  ;  thus  the  loss  of  heat  from  the 
surface  is  made  up  for  by  conduction  of  heat  from  the  interior 
or  from  the  earth. 

The  above  is  a  brief  statement  of  the  theory  of  formation 
of  dew  which  was  proposed  by  Dr.  Wells  and  has  been 
generally  accepted  since.  There  are,  however,  good  reasons 
for  doubting  whether  the  whole  of  the  dew  comes  from  the 
atmosphere  ;  it  is  probable  that  a  portion,  at  any  rate,  of  it 
rises  up  from  the  soil. 

138.  Clouds,  etc. — Clouds  consist  of  small  particles  of 
water   produced    by    the    condensation    of    the    water -vapour 
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contained  in  the  air.     Fogs  and  mists  are  simply  clouds  formed 
close  to  the  surface  of  the  earth. 

Water- vapour  itself  is  transparent  and  invisible  like  air.  If 
you  boil  water  in  a  kettle  with  a  tightly-fitting  lid  and  watch 
the  steam  coming  out  of  the  spout,  you  will  see  that  there  is  a 
clear  space  for  an  inch  or  so  in  front  of  the  spout.  This  clear 
space  consists  of  invisible  steam  :  the  white  cloud  beyond  is 
not  steam  at  all  but  consists  of  small  particles  of  liquid  water. 
The  steam  is  condensed  partly  by  coming  in  contact  with  the 
colder  atmosphere  and  partly  by  the  cooling  effect  due  to  its 
own  expansion.  The  steam  inside  the  kettle  is  under  a 
somewhat  greater  pressure  than  that  of  the  atmosphere ;  and 
when  it  gets  outside  it  expands.  Now,  whenever  steam  or  air 
expands  it  does  work  as  truly  as  if  it  were  expanding  in  the 
cylinder  of  a  steam-engine  or  air-engine  :  and,  as  a  supply  of 
heat  is  thereby  taken  from  it  (corresponding  to  the  work  done), 
it  is  cooled  by  its  own  expansion. 

EXPT.  77. — On  the  plate  of  an  air-pump  place  a  well-fitting 
bell-jar  and  work  the  pump  rapidly.  After  about  half  a  dozen 
strokes  the  air  inside  the  bell-jar  generally  becomes  misty. 
By  the  rapid  exhaustion  (and  expansion)  the  air  is  cooled,  and, 

if  the  temperature  falls 
below  the  dew  -  point, 
some  of  the  water-vapour 
in  it  is  condensed  in  the 
form  of  small  liquid  par- 
ticles which  form  the  mist. 
There  is  usually  enough 
water- vapour  present  in 
the  air  to  show  this  effect. 

139.     Bain,    eta  — 
The    particles    of    water 
forming  a  cloud  tend  to 
coalesce  into  larger  drops, 

and,  if  these  increase  in  size  owing  to  further  condensation, 
they  presently  fall  as  rain. 

Snow  is  produced  when  the  temperature  of  the  air  falls 
below  o°,  and  under  the  microscope  is  seen  to  consist  of  small 
hexagonal  crystals  (Fig.  97). 
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The  causes  that  favour  the  fall  of  rain  are  similar  to  those 
by  which  clouds  are  formed,  viz.  the  cooling  of  warm,  moist  air 
(i)  by  coming  in  contact  with  colder  air  or  cold  land,  and  (2) 
by  its  own  expansion.  This  latter  cause  comes  into  play  when- 
ever warm  air  rises  upwards  as  a  convection-current,  or  when  it 
is  forced  to  ascend,  as  in  passing  over  a  range  of  hills  ;  for  as 
the  air  rises  it  gets  into  regions  where  the  pressure  is  less 
and  therefore  it  expands  (Arts.  82  and  51). 

In  our  own  island  the  rainfall  is  heaviest  on  the  western 
coasts,  for  the  S.W.  winds, 
having  passed  over  the  warm 
waters  of  the  Gulf  Stream,  are 
themselves  warm  and  moist : 
when  they  come  in  contact  with 
the  land,  and  especially  when 
they  have  to  pass  over  mountain- 
ranges,  they  become  cooled  and 
deposit  their  moisture  as  rain. 

Rainfall  is  measured  by 
means  of  an  instrument  called 
a  rain-gauge.  This  consists 
of  a  funnel  (from  5  to  8  inches 
in  diameter)  for  collecting  the 
rain  and  a  graduated  vessel  for 
measuring  its  volume.  This 
volume,  divided  by  the  area  of 
the  funnel,  gives  me  depth  of 
the  layer  of  water  which  would 
be  produced  if  all  the  rain 
remained  on  the  surface  of  the 

ground.  A  common  form  of  rain-gauge  is  shown  in  Fig. 
98.  In  districts  where  heavy  falls  of  snow  are  common  it  is 
advisable  to  provide  the  upper  edge  of  the  funnel  with  a  deep 
vertical  rim.  This  serves  to  collect  the  snow,  and  prevents  it 
from  being  blown  out  of  the  gauge  by  winds. 

In  Great  Britain  the  average  annual  rainfall  is  somewhat 
under  30  inches.  The  driest  district  is  Lincolnshire,  where 
the  rainfall  is  only  about  20  inches.  The  rainfall  is  heaviest  in 
the  Lake  District,  the  wettest  place  being  the  Stye  in  Borrow- 
dale  (Cumberland),  where  the  rainfall  is  about  175  inches. 


Fig.  98. — Rain-Gauge. 
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QUESTIONS  ON  CHAPTER  XIV 

1.  How  are  the  Trade  Winds  produced?  and  how  do  you  account  for 
their  directions  ? 

2.  State  what  you  know  respecting  the  formation  of  clouds  and  rain. 

3.  Discuss  (a)  the  deposition  of  dew,  (&)  diurnal  and  annual  variations 
of  temperature, — with  especial  reference  to  the  effects  of  (i)  gain  or  loss 
of  heat  by  radiation,  (2)  the  dryness  or  otherwise  of  the  air,  and  (3)  the 
proximity  of  large  masses  of  water. 


ANSWERS   TO    EXAMPLES 


CHAPTER  III  (p.  23) 

1.  7°-5C.  2.  15°  C. ;  40°  C. ;  85°  C.  ;  95°  C.  3.  194°  F. ; 
1 76°  F.  ;  86°  F. ;  23°  F.  4.  -37°-3  F. ;  674°-6  F.  5.  37°-8  C. ; 
-40°  C.  ;  -I7°.8  C.  ;  36°-7  C.  8.  n°-i  C. ;  i66°-6  C. 


CHAPTER  IV  (p.  41) 

6.  40-048  ft.  7.  85-54  in.  8.  0-0432  in.  9.  1-224  ft. 
1O.  76-429  cm.  11.  22-128  cm.  12.  2-0068  metres;  150°. 
13.  153-86  cm.  14.  263-16  cm.  15.  87-2464  cm.  16. 
1-00095  yard.  17.  Coefficient  of  expansion  =  0-00008  ;  tem- 
perature =  260°.  18.  0-01764  ft.  19.  36  cm.  2O.  0-0144 
sq.  in.  21.  Increase  in  volume  =  2-592  cub.  in.  22.  246-5 
litres. 


CHAPTER  V  (p.  55) 

1.  0-00002797.  3.  0-000302.  5.  0-000301.  6. 
0-0001561.  7.  i3i°-7.  8.  100-24  c.c.  9.  1-57  c.c.  11. 
0-0001817.  12.  io3°-8.  16.  The  coefficient  of  apparent 
expansion  of  the  mercury  is  0-0001546,  and  this  gives 
0-0000274  as  the  coefficient  of  cubical  expansion  of  the  glass. 
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CHAPTER  VI  (p.  74) 

6.  6  atmospheres.  7.  300  c.c.  8.  0-8  litre  or  800  c.c. 
9.  75  cm.  1O.  320  c.c.  11.  273°.  12.  91°.  13.  12-38 
litres;  13-2  litres.  14.  0-0036.  15.  546°-  16.  0-9462  gm. 
17.  75  c.c.  ;  o°C.  18.  333°.  19.  The  volume  is  reduced  to 
two-thirds.  2O!  383-2  c.c.  21.  115-5  cub.  in.  22.  The 
volume  remains  unaltered. 


CHAPTER  VII  (p.  87) 

1.  76,800  units.      2.    1995  units-      3-  3-i-     4-  Equal.     5. 

3-8.      6.   0-2.      7.   9o°-9.      8.    88°-i.      9.    17°.  11.   0-112. 

13.  As  i  :  0-453.      14.-  22,666f.      15.   853°-3.  16.  0-096. 
17.   3264  litres.     18.   0-127. 


CHAPTER  VIII  (p.  97) 

2.  I25ogm.  3.8o°.  4.  32  Ibs.  6.  176-5  gm.  7.  The 
temperature  will  fall  to  4i°-74.  8.  80.  9.  0-09.  12. 
0-1144.  13-  lib.  14.  0-09.  15.  17-37  pound-degrees. 


CHAPTER  IX  (p.  1 1 7) 

4.  31,200  units.  5.  21,480  units.  7.  8040  pound- 
degrees.  9.  12-58  gm.  1O.  37-31  gm.  12.  536-3.  14. 
362  grammes. 


CHAPTER  X  (p.  129) 

4.   Vapour -pressure  =  0-7    cm.   (see  Art.  96).      Relative 
humidity  =  0-558  (or  55-8  per  cent.)     5.   845-8  mm. 


CHAPTER  XI  (p.  145) 
3.    i, 800  units.     4.   0-16.     5.    5,940,000  units. 


LIGHT 


CHAPTER    I 
INTRODUCTION— SHADOWS,  ETC.      <<- 

14O.  Radiation  of  Light. — Let  us  consider  what  happens 
when  a  body  is  gradually  heated  in  a  dark  room.  We  may 
suppose  the  body  to  be  the  iron  ball  used  in  Ch.  xiii  (Heat)  ; 
or  an  iron  wire  made  gradually  hotter  by  passing  an  electric 
current  along  it. 

At  first,  all  that  we  are  able  to  say  is  that,  as  the  tempera- 
ture increases,  the  amount  of  heat  radiation  increases.  But  when 
the  temperature  reaches  about  500° — the  temperature  known 
as  '  a  dull-red  heat J — we  begin  to  be  aware  of  something  else. 
The  body  becomes  visible.  In  addition  to  the  radiation  which 
produces  in  our  bodies  the  sensation  of  warmth,  it  now  radiates 
out  light  which  produces  in  our  eyes  the  sensation  of  vision. 

We  have  already  stated  in  Arts.  127  and  128  that  both 
heat  and  light  are  forms  of  radiant  energy,  and  that  they  differ 
from  each  other  only  in  the  length  of  the  waves  which  produce 
the  sensations  of  warmth  and  of  light  respectively.  In  both 
cases  the  wave-lengths  are  exceedingly  small  and  a  convenient 
unit  for  expressing  such  short  distances  is  the  micro-millimetre 
which  is  one  millionth  of  a  millimetre  or  o-ooooooi  of  a 
centimetre.  The  wave-length  of  red  light  is  (approximately) 
720  micro-millimetres  ;  of  yellow  light  580  micro-millimetres  ; 
and  of  violet  light  400  micro-millimetres.  The  waves  sent  out 
by  a  body  at  a  temperature  below  a  dull  red  heat  are  longer 
than  any  of  these  and  produce  only  the  sensation  of  warmth. 

At  the  temperature  above  mentioned  (about  500°)  the  colour 
of  the  light  emitted  is  red.  As  the  temperature  increases  the 
light  becomes  stronger  and  brighter :  there  is  an  increase  in 
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the  energy  of  the  radiation  or  in  the  amount  of  light  radiated. 
At  the  same  time  the  light  becomes  whiter :  there  is  a  change 
in  the  nature  of  the  radiation — in  the  quality  or  colour  of  the 
light  radiated.  We  shall  see  later  on  that  white  light  is  not 
of  a  pure  or  simple  nature  but  is  produced  by  the  mixture  or 
blending  of  lights  of  various  colours.  The  gradual  change  in 
the  colour  of  the  light  emitted  by  a  body  as  its  temperature  is 
raised  from  a  red  heat  upwards  is  due  to  the  continuous 
addition  of  fresh  kinds  of  radiation  of  shorter  wave-lengths 
corresponding  to  yellow  light,  green  light,  etc. 

141.  Definitions. — A  body  from  which  light  proceeds  is 
said  to  be  luminous.  If  it  emits  the  light  of  itself,  it  is  said  to 
be  self-luminous.  This  is  the  case  with  bodies  which  are 
heated  to  a  high  temperature  by  their  own  combustion  or 
otherwise.  The  sun  is  a  self-luminous  body ;  so  also  are 
candle-flames  and  gas-flames.  The  moon  is  not  a  self-luminous 
body ;  it  simply  reflects  to  our  earth  the  light  of  the  sun,  just 
as  sunlight  is  reflected  by  the  surface  of  the  sea  or  by  a 
looking-glass. 

Any  substance  through  which  light  passes  may  be  called  a 
medium.  If  a  medium  possesses  the  same  properties  at  all 
points  and  in  all  directions,  it  is  called  a  homogeneous  medium. 
Air,  water,  and  glass  are  examples  of  homogeneous  media. 

A  body  through  which  objects  can  be  seen  distinctly  (such 
as  a  sheet  of  glass)  is  said  to  be  transparent.  A  body  which 
allows  light  to  pass  through  it,  but  through  which  objects 
cannot  be  seen  distinctly,'  is  said  to  be  translucent.  Thin 
paper,  china,  and  ground  glass  are  translucent.  A  body  which 
does  not  allow  light  to  pass  through  it  at  all  is  said  to  be 
opaque. 

In  general,  when  light  falls  upon  any  body,  three  things 
happen  : — 

1 i )  a  portion  of  the  light  is  reflected. 

(2)  a  portion  is  transmitted. 

(3)  the  rest  is  absorbed. 

The  surfaces  of  quicksilver  and  polished  metals  may  be 
taken  as  typical  instances  of  good  reflectors.  Air,  water,  and 
glass  are  good  examples  of  transparent  media  ;  they  transmit 
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light  with  very  little  loss  by  absorption.  Dull-black  surfaces, ' 
such  as  those  of  velvet  and  lamp-black,  are  typical  examples  of 
good  absorbers. 

142.  Good  Absorbers   are   Good   Radiators. — The 

following  experiments  show  that  the  relation  which  we  found 
to  exist  between  absorbing  and  radiating  powers  for  heat  (p. 
1 62)  also  holds  good  for  light : — 

EXPT.  78. — Heat  to  redness  in  a  crucible  furnace  a  piece 
of  earthenware  having  a  strongly-marked  pattern.  The  simplest 
plan  is  to  choose  a  plate  having  a  well-marked  black  or  dark- 
blue  pattern  on  a  white  ground,  and  to  break  this  up  into 
pieces  which  can  be  put  into  the  crucible.  The  experiment 
must  be  performed  in  a  darkened  room. 

With  the  aid  of  crucible  tongs  withdraw  one  of  the  pieces 
quickly  and  examine  it  before  it  cools.  It  exhibits  a  reversed 
pattern.  Thus  if  the  pattern  of  the  (cold)  plate  seen  in  day- 
Reversal  of  Pattern. 


Fig.  99  (Cold).  Fig.  100  (Hot). 

light  be  as  in  Fig.  99  (dark  on  a  white  ground),  the  pattern 
of  the  red-hot  plate  will  be  as  in  Fig.  100  (bright  on  a  dark 
ground).  The  dark  part — the  good  absorber — is  also  the 
good  radiator. 

Vary  the  experiment  by  making  a  chalk  mark  on  an  old 
poker:  heat  this. in  a  fire  and  examine  it  in  the  dark. 

EXPT.  79. — Mark  a  broad  cross  with  ink  on  a  piece  of 
platinum-foil,  and  heat  the  foil  in  the  flame  of  a  Bunsen  burner 
in  a  darkened  room.  (The  ink  used  should  not  be  aniline  ink 
but  common  black  ink  made  with  copperas,  which  leaves  a 
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deposit  of  oxide  of  iron  on  the  foil.)  The  face  of  the  foil 
exhibits  a  bright  cross  on  a  dark  ground.  This  shows  that  the 
iron  oxide  emits  more  light  than  the  polished  platinum. 

\Note?—  In  the  experiments  to  be  described  in  this  and  the 
following  chapters  we  shall  sometimes  use  the  sun  as  our  source 
of  light,  the  sunlight  being  admitted  through  a  hole  in  the  window- 
shutter  of  a  darkened  room  ;  at  other  times  the  flame  of  a 
candle,  lamp,  or  gas-burner,  in  which  the  light  is  produced  by 
the  burning  of  combustible  bodies.  In  performing  many  ex- 
periments in  light  an  optical  lantern  is  indispensable,  especially 
when  a  powerful  light  is  required  for  showing  an  experiment 
to  a  number  of  persons.  As  a  (  radiant '  or  source  of  light  for 
lantern  work  an  Argand  gas-burner  or  a  specially-constructed 
form  of  oil-lamp  may  be  used  ;  but  the  lime-light  is  at  once 
more  powerful  and  more  convenient.  A  full  description  of  the 
lantern  and  the  methods  of  working  with  it  would  be  out  of 
place  here  :  junior  students  are  not  likely  to  use  it  excepting 
under  the  direction  of  a  teacher.  The  details  of  lantern 
manipulation  are  fully  described  in  Mr.  Lewis  Wright's  books 
on  Light  and  Optical  Projection^ 

143.  Rectilinear  Propagation  of  Light. — Examine  a 
beam  of  light  as  it  passes  through  a  darkened  room  when  the 
sun  is  allowed  to  shine  through  a  small  round  hole  in  the 
window-shutter.  You  can  track  its  path  as  it  passes  through  the 
room  :  it  forms  a  slightly  divergent  or  conical  beam.  Strictly 
speaking,  it  is  not  the  beam  of  light  that  you  see.  Light  itself 
is  not  visible,  and  if  there  were  nothing  present  to  reflect  the 
light  to  your  eye  you  would  not  see  the  beam  at  all.  But  the 
air  always  contains  fine  particles  of  dust  floating  about  in  it. 
These  reflect  the  light  to  your  eye  and  so  enable  you  to  follow 
the  path  of  the  beam. 

Hold  a  sheet  of  paper  in  the  path  of  the  beam  and  at  right 
angles  to  it :  you  see  a  bright  round  patch  of  light  on  the 
paper.  This  is  an  image  of  the  sun.  Its  size  increases  as  you 
move  the  paper  farther  away  from  the  hole. 

Everywhere  the  path  of  the  light  is  straight :  it  does  not 
bend  round  anywhere.  Suppose  straight  lines  to  be  drawn 
from  the  hole  to  all  points  on  the  circle  of  light  which  is  thrown 
on  the  paper  ;  the  light  travels  along  these  lines.  We  may  thus 
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imagine  the  beam  of  light  to  consist  of  a  pencil  of  rays,  each 
ray  being  a  straight  line  along  which  the  light  travels. 

If  you  wish  to  test  the  matter  further,  you  may  take  three 
cards  and  make  a  pin-hole  in  each.  Pin  the  cards  on  wooden 
blocks,  so  that  the  holes  are  all  at  the  same  height  and  in  a 
straight  line.  Place  a  candle  in  front  of  the  first  hole  and 
look  through  the  third.  As  long  as  the  holes  are  in  a  straight 
line  you  can  see  the  light  shining  through  ;  but  the  light  dis- 
appears as  soon  as  any  one  of  the  cards  is  moved  aside. 

We  shall  find  later  on  that  a  beam  of  light  is  bent  when  it 
passes  from  one  medium  to  another  (e.g.  from  air  to  water  or 
glass),  but  so  long  as  we  keep  to  the  same  homogeneous 
medium  we  may  say  that  light  travels  in  straight  lines. 

144.  Beams  of  light  may  be  divergent,  convergent,  or 
parallel. 


Fig.  101. 

Let  F  (Fig.  1 01 )  be  a  source  of  light  from  which  light  passes 
through  a  round  hole  hh! .  The  beam  of  light  which  passes 
through  the  hole  has  the  form  of  a  cone  of  which  the  apex  is 
at  F.  It  is  often  convenient  to  speak  of  such  a  beam  as  con- 
sisting of  a  pencil  of  divergent  rays.  The  central  ray  FC  is 
called  the  axis  of  the  pencil. 


Fig.  102. 

In  Fig.  1 02  is  shown  a  beam  or  pencil  of  convergent  rays. 
The  point  F  to  which  the  rays  converge  is  called  the  focus  of 
the  pencil. 
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A  focus  is  a  point  from  which  rays  of  light  diverge  or  to 
which  they  converge. 


Fr 


Fig.  103. 

In  Fig.  103  is  shown  a  parallel  beam  or  pencil  of  parallel 
rays.  Such  a  beam  may  be  considered  as  diverging  from  an 
infinitely  distant  source  or  as  converging  to  a  focus  at  an 
infinite  distance.  Light  which  proceeds  from  any  source  at 
a  very  great  distance  (e.g.  from  the  sun  or  stars)  may  be  con- 
sidered as  being  practically  parallel. 

145.  Images  produced  by  Small  Apertures. — The 

round  patch  of  light  referred  to  in  Art.  143  is  an  inverted 

image  of  the  sun.  If 
there  are  brightly 
illuminated  objects 
(e.g.  houses  in  full 
l  sun  -  light)  outside 
the  dark  room,  in- 
verted images  oj 
>  them  may  be  pro- 
duced in  the  same 
way  by  allowing 
the  light  from  them 
to  pass  into  the  room  through  a  small  hole  and  on  to 
a  white  screen  placed  behind.  Fig.  104  shows  how  these 
inverted  images  are  produced.  Light  is  emitted  in  all 
directions  from  every  point  of  the  bright  object  O.  Of  this, 
only  a  small  pencil  passes  through  the  aperture  A.  This 
pencil  produces  upon  the  screen  a  small  patch  of  light  which 
is  the  image  of  the  corresponding  point  of  the  object.  Thus 
in  the  figure  pencils  of  light  pass  in  the  direction  of  the  dotted 
lines  from  the  head  and  tail  of  the  arrow  and  produce  images 
at  points  on  the  screen.  From  points  intermediate  between 
the  head  and  tail  of  O  pencils  of  light  proceed  which  produce 
images  at  corresponding  intermediate  points  on  the  screen. 


104° 
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Thus  a  complete  image  I  is  formed.  It  is  also  clear  that 
whereas  O  is  an  arrow  with  its  head  down,  I  is  an  arrow  with 
its  head  up.  The  image  is  an  inverted  one.  Its  size  isj 
directly  proportional  to  the  distance  of  the  screen  from  the) 
aperture.  In  the  figure  it  is  about  the  same  size  as  the 
object.  If  the  screen  is  brought  nearer  to  the  aperture 
the  image  becomes  smaller  ;  and  if  the  screen  is  moved  farther 
off  it  becomes  larger.  The  images  thus  produced  exhibit  the 
natural  colours  of  the  objects,  but  are  very  faint,  because  the 
amount  of  light  that  can  pass  through  a  small  hole  is  itself 
small.  By  making  the  hole  larger  a  brighter  image  can  be 
obtained,  but  it  becomes  blurred  and  indistinct  at  the  same 
time. 

EXPT.  80. — Remove  the  condensing  lenses  of  a  lantern 
and  cover  the  front  with  a  tin-foil  cap.  Make  a  pin-hole  in 
this  and  place  a  paper  screen  in  front.  A  faint  image  of  the 
gas-flame  (or  other  radiant  in  the  lantern)  is  formed  on  the 
screen.  Make  other  pin-holes  near  the  first ;  each  one  pro- 
duces a  fresh  image,  but  the  images  soon  overlap  and  become 
confused.  The  same  effect  is  produced  by  making  one  large 
hole. 

EXPT.  8 1.— Make   two   tubes    (A   and   B,   Fig.    105)    by 
wrapping  pasted  paper  round 
a  wooden  cylinder.     Blacken 
the  insides  with  lamp-black  nl 
varnish  (p.  158)  or  line  with 
black     paper.        One     tube  Fig>  J05 

should  slide  within  the  other. 

Cover  the  end  of  the  tube  A  with  tin-foil  and  make  a  pin-hole 
in  the  middle  of  the  foil.  Cover  the  end  of  the  other  with 
tissue-paper.  You  have  now  a  'pin-hole  camera,'  which  you 
can  point  towards  a  flame  or  bright  object.  The  image  can 
be  seen  by  looking  at  the  tissue-paper  (#).  It  becomes  larger 
and  fainter  as  the  tube  B  is  drawn  out. 

EXPT.  82. — For  class  demonstration  the  following  is  a 
good  way  of  showing  images  produced  by  small  apertures  : — 
Punch  a  clean  hole  (about  2  mm.  diameter)  in  a  large  sheet  of 
tin-plate  or  cardboard  and  clamp  this  in  a  vertical  position. 
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On  one  side  of  it  place  a  white  screen  and  on  the  other  side 
three  candles  arranged  thus —  .•.  It  is  then  easily  seen  that 
the  images  occupy  this  relative  position  •.•  and  that  the 
distance  between  them  increases  as  the  screen  is  moved  away 
from  the  hole. 

146.  Shadows  and  Eclipses.  —  The  formation  of 
shadows  is  a  direct  consequence  of  the  propagation  of  light, 
in  straight  lines. 

When  the  source  of  light  is  a  single  bright  point  (S,  Fig.  106) 
the  form  of  the   shadow  thrown  by  any  opaque  object   K  is 


Fig.  106. — Shadow  Cone. 

easily  seen.  For  the  cone  of  light  which  proceeds  from  S  to 
K  is  stopped  by  the  latter,  and  the  portion  of  this  diverging 
cone  which  lies  on  the  farther  side  of  K  is  all  in  shadow. 
Sharp,  well-defined  shadows  of  this  kind  are  thrown  by  electric 
lights  (arc  lights). 

But  when  the  source  of  light  is  of  considerable  size  there  is 


Fig.  107. — Umbral  and  Penumbral  Cones. 

produced,  in  addition  to  this  total  shadow  or  umbra,  a  half 
sh'adow  or  partial    shadow   called   the  penumbra.      Suppose 
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A  (Fig.  107)  to  represent  the  globe  of  a  lamp  and  B  an  opaque 
obstacle,  such  as  a  ball  or  orange.  Then  it  will  be  seen  from 
the  figure  that  the  black  cone  is  completely  in  shadow  and 
receives  no  light  from  any  part  of  A  ;  this"  may  be  called  the 
umbral  cone.  The  shaded  cone  which  diverges  from  a  point 
between  A  and  B  is  only  partly  in  shadow,  and  may  be  called 
the  pemcmbral  cone.  Every  ^>oint  in  it  receives  light  from  some 
portion  of  the  Ruminating  surface  A;  When  a  screen  is  placed 
behind  B  the  shadow  thrown  upon  it  consists  of  a  central 
umbra  surrounded  by  a  penumbra.'  The  size  of  the  latter 
increases  as  the  screen  is 'moved  farther  away 
from  B ;  when<  the  screen  is  in  the  position 
mn  jhe  shadow  appears  somewhat  as  shown 
in;Fig.  1 06.  The  penumbra,  however,  is  not 
of  uniform  depth  all  over.  Its  edge  is  not 
sharply  defined  :  it  gradually  deepens  from 
the  outside  inwards  until  it  merges  into  the 
complete  shadow  of  the  umbra. 

Fig.  107  also  illustrates  the  way  in  which  eclipses  of  the  sun 
are  produced  when  the  moon  comes  between  it  and  our  earth. 
Suppose  A  to- represent  the  sun,  B  the  moon,  and  the  screen 
mn  a  portion  of  the  earth's  surface.  Within  the  umbral 
cone  no  part  of  the  sun  is  visible  ;  therefore  to  an  observer 
stationed  on  any  part  of  the  earth  within  the  umbra  the  sun  will 
appear  totally  eclipsed.  Within  the  penumbra  a  part  of  the  sun 
is  visible  and  the  rest  invisible,  so  that  an  observer  stationed 
anywhere  within  the  penumbra  will  see  the  sun  partially 
eclipsed.  \ 

EXPT.  83. — The  student  should  examine  for  himself  the 
different  kinds  of  shadows  above  described.  For  sharp 
shadows  produced  by  luminous  points  use  a  lantern  :  remove 
the  condensers  and  fit  on  a  cap  in  which  a  small  round  hole 
has  been  pierced.  Or,  since  the  breadth  of  the  penumbra 
increases  with  the  distance  from  the  object,  any  fairly  small 
source  of  light  (candle)  will  cast  a  sharp  shadow  on  a  screen 
placed  near  it.  Farther  off  the  shadow  shows  a  penumbra. 

Hold  a  pencil  upright  between  a  flat  fish-tail  burner  and  a 
wall.  Examine  the  shadow.  When  the  flame  is  <  edge  on ' 
the  shadow  is  sharp  and  well-defined.  When  the  flame  is 
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'  broadside  on  5  the  shadow  is  ill-defined  (penumbra).  In  the 
first  case  the  source  of  light  is  narrow,  in  the  second  case 
broad. 

Examine  the  shadow  of  an  orange  or  ball  thrown  on  a 
paper  screen  by  a  lamp  with  a  round  ground-glass  globe. 
Prick  holes  through  the  paper  in  various  parts  of  the  umbra 
and  penumbra  and  look  through  them  towards  the  lamp. 
Compare  what  you  see  with  Fig.  107. 

The  penumbral  cone  is  always  divergent,  as  in  the  above 
figure.  The  umbral  cone  is  also  divergent  when  the  object  is 
larger  than  the  source  of  light.  It  is  convergent  in  Fig.  105 
because  B  is  smaller  than  A.  When  the  source  and  the 
object  are  of  the  same  size  the  umbral  cone  becomes  a  cylinder 
and  the  umbra  is  of  the  same  size  throughout. 


EXAMPLES  ON  CHAPTER  I 

1.  If  a  small  hole  be  made  in  the  shutter  of  a  darkened  room  an 
inverted  image  of  objects  outside  is  formed  on  a  screen  placed  within  the 
room.      Explain  this. 

2.  When  an  image  produced  by  a  pin-hole  camera  is  half  the  size  of 
the  object,  what  are  their  relative  distances  from  the  hole?     Why  does 
the  image  become  fainter  as  it  becomes  larger  ? 

3.  By  means  of  a  small  hole  in  the  window-shutter  of  a  darkened  room 
an  image  of  a  house  30  ft.  away  is  thrown  on  a  screen  6  in.  from  the  hole. 
The  image  is  9  in.  high  :  how  high  is  the  house  ? 

4.  If  you  hold  a  hair  in  sunlight  close  to  a  sheet  of  paper  you  can  see 
the  shadow  of  the  hair  on  the  paper  ;  but  if  you  hold  the  hair  a  couple  of 
inches  away  from  the  paper  you  can  scarcely  see  any  trace  of  a  shadow. 
How  do  you  explain  this  ? 

5.  When  has  an  umbra  a  limited  length  ?     Under  what  conditions  is 
the  transverse  section  of  the  umbra  cast  by  a  body  larger  than  the  body 
itself? 

6.  A  circular  uniform  source  of  light,  2  inches  in  diameter,  is  placed  at 
a  distance  of  10  feet  from  a  sphere  2  inches  in  diameter.      Calculate, 
approximately,  the  diameters  of  the  umbra  and  penumbra  cast  on  a  screen 
5  feet  beyond  the  sphere. 


CHAPTER    II 
PHOTOMETRY 

147.  Illuminating  Power  and  Intensity  of  Illumina- 
tion.— It  is  evident  that  different  sources  of  light  give  out 
different  amounts  of  light.  An  ordinary  gas-jet,  for  example, 
gives  out  ten  or  fifteen  times  as  much  light  as  a  candle.  This 
is  expressed  by  saying  that  its  illuminating  power  is  ten  or 
fifteen  times  as  great  as  that  of  the  candle.  In  this  country 
the  standard  of  illuminating  power  is  the  amount  of  light  given 
out  by  a  candle  of  a  certain  weight  burning  at  a  certain  rate.1 
When  we  speak  of  a  gas -flame  as  being  of  ten  candle-power 
(10  C.P.)  we  mean  that  it  gives  out  as  much  light  as  ten 
standard  candles. 

If  such  a  flame  were  placed  at  a  distance  of  a  foot  from 
a  screen,  it  would  throw  upon  the  screen  ten  times  as  much 
light  as  a  standard  candle  would  when  placed  at  the  same 
distance.  If  the  gas-flame  were  moved  farther  away,  it  would 
illuminate  the  screen  less  brightly.  At  a  distance  of  four  feet, 
for  example,  it  would  throw  less  light  upon  the  screen  than  a 
candle  would  at  a  distance  of  one  foot.  We  must,  therefore, 
distinguish  carefully  between  the  illuminating  power  of  a 
source  of  light  and  the  intensity  of  illumination  which  it 
produces. 

The  intensity  of  illumination  produced  by  a  given 
source  of  light  on  a  given  surface  is  the  quantity  of  light 
received  per  unit  of  that  surface.  This  clearly  depends  upon 
two  things — 

(i)   Upon    the  -  illuminating    power  of    the    source,  being 

1  '  Sperm  candles  of  six  to  the  pound,  each  burning  120  grains  per  hour.' 
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directly  proportional  to  this  ;  hence  the  intensities  of  illumina- 
tion produced  by  different  sources  at  the  same  distance  are 
proportional  to  their  illuminating  powers. 

(2)  Upon  the  distance  of  the  surface  from  the  source  of  light. 

148.  Law  of  Inverse  Squares. — It  is  evident  that  the 
intensity  of  illumination  diminishes  when  the  distance  increases. 
But  it  would  not  be  correct  to  say  that  the  intensity  decreases 
as  the  distance  increases  (i.e.  in  the  same  proportion).  For 
example,  when  the  distance  is  doubled  the  intensity  is  reduced, 
not  to  one-half,  but  to  one-fourth!"  This  may  be  shown  both 
by  experiment  and  calculation. 

EXPT.  84. — Make  a  small  square  frame  of  wire  and  fix  it, 
as  at  O  in  Fig.  109,  half-way  between  a  candle  and.  the  wall 


Fig.  109. — Law  of  Inverse  Squares. 

of  a  darkened  room.  It  throws  a  square  shadow  upon  the  wall. 
Cut  a  piece  of  paper  to  the  size  of  this  shadow  (S)  and  fold  it 
across  and  across  as  shown  by  the  lines.  The  folded  sheet 
just  fits  the  frame  O.  S  is  divided  into  four  squares  each 
equal  to  O  ;  its  area  is  four  times  that  of  O. 

If  O  were  an  opaque  obstacle,  it  would  block  out  all  the 
light  from  the  space  S.  The  same  amount  of  light  which  falls 
upon  O  is  at  twice  the  distance  spread  out  over  S,  which  has 
four  times  the  area.  Clearly  then  the  intensity  of  illumination 
(or  amount  of  light  per  unit  surface)  at  S  is  only  one-fourth  of 
that  at  O. 

Again,  if  O  were  placed  at  one-third  of  the  distance  from 
the  candle  to  tbe  wall,  the  area  of  S  would  be  nine  times  that 
of  O  (S  being  three  times  as  large  each  way).  In  this  case  S 
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would  be  three  times  as  far  off  from' L  as  O  is,  and  the  intensity 
of  its  illumination  would  be  one-ninth  of  that  at  O. 

Similarly,  if  O  were  placed  at  one-quarter  the  distance  from 
L  to  S,  the  illumination  at  S  would  be  one-sixteenth  of  that 
at  O. 

All  this  depends  upon  the  fact  that  light  travels  in  straight 
lines  ;  from  which  it  follows  that  the  areas  of  perpendicular 
sections  of  the  beam  at  different  distances  are  proportional  to 
the  squares  of  these  distances. 

Now  observe  that  -  =  4  '   -  =  4  ;  ->  =  -• I- 
4     22  '  9      s2  '   16     42 

We  may  therefore  express  the  result  according  to  the 
following  Law  of  Inverse  Squares  : — 

The  intensity  of  the  illumination  produced  by  a  source  of 
light  is  inversely  proportional  to  the  square  of  the  distance 
from  the  source. 

That  this  statement  is  generally  true  may  be  proved  as 
follows  : — 

Consider  any  luminous  point  and  suppose  a  series  of 
spherical  surfaces  to  be  described  around  it,  each  having  the 
point  as  centre.  The  intensity  of  the  illumination  over  any 
one  of  these  surfaces  will,  by  symmetry,  be  uniform  (for  every 
point  on  the  surface  is  equally  distant  from  the  source  of 
light). 

Let  the  radii  of  the  successive  spherical  surfaces  be  rv 
r2.  .  .  .  Since  the  area  of  a  spherical  surface  of  radius  r  is 
47rr2,  the  areas  of  these  successive  spherical  surfaces  are  pro- 
portional to  r^,  r22,  .  .  .  that  is,  they  are  directly  proportional 
to  the  squares  of  the  radii. 

Now  the  same  amount  of  energy  (in  the  form  of  light- 
waves) is  distributed  over  each  of  these  spherical  surfaces. 
Let  P  denote  this  amount  of  light  given  out  by  the  source  (its 
illuminating  power).  Then,  according  to  our  definition  in 
Art.  147,  the  intensity  of  the  illumination  on  the  inner  surface 
of  the  first  sphere  is 
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and  in  the  case  of  the  second  sphere 

_^ 
12-47rr22' 

and  so  on.      Thus 

or,  the  intensities  are  inversely  proportional  to  the  squares  of 
the  distances  from  the  source  of light. ., 

Observe  that  we  have  only  proved  the  law  in  the  case  of  a 
point-source  of  light :  but  it  is  approximately  true  for  any 
small  flame.  Further,  we  have  only  considered  the  case  in 
which  the  light  falls  normally  or  directly  upon  the  surface.. 
Obviously  the  intensity  of  the  illumination  produced  on  a  wall 
by  a  candle-flame  held  near  it  is  not  uniform  :  for  different 
parts  of  its  surface  are  at  different  distances  from  the  source 
and  also  receive  the  light  at  varying  angles  of  incidence. 

With  these  limitations  we  may  say  that  the  intensity  of  the 
illumination  produced  by  a  given  source  of  light  on  a  given 
surface  is* 

(1)  directly  proportional  to  the  illuminating  power  of  the 
source,  and 

(2)  inversely  proportional  to   the   square   of  the   distance 
between  the  source  and  the  surface,    j 

We  are  now  able  to  calculate  the  ratio  between  the  intens- 
ities of  illumination,  Ix  and  I2,  produced  under  given  condi- 
tions. For  if  Pj  be  the  illuminating  power  of  a  source  of  light 
at  a  distance  d^  from  a  given  surface,  and  P2  the  illuminating 
power  of  another  source  of  light  at  a  distance  d^  from  a  second 
surface,  then  the'  ratio  between  the  intensities  of  illuminati 
on  the  two  surfaces  is 


149.  Photometry  deals  with  the  comparison  and  measure- 
ment of  the  illuminating  powers  of  different  sources  of  light. 
We  have  to  see  how  this  comparison  can  be  made. 

Suppose  first  that  two  sources  of  light  are  placed  on 
opposite  sides  of  a  cardboard  screen  and  at  equal  distances 
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from  it.  The  intensities  of  illumination  on  the  two  sides  of 
the  screen  are  directly  proportional  to  the  illuminating  powers 
of  the  sources  of  light.  The  required  comparison  of  the 
illuminating  powers  could  be  directly  made  if  our  eyes  enabled 
us  to  judge  of  the  ratio  between  the  two  intensities  of  illumina- 
tion :  but  they  do  not,  and  hence  the  method  is  not  a  practi- 
cable one. 

We  can,  however,  under  suitable  conditions,  judge  by  eye 
with  fair  accuracy  whether  the  intensities  of  illumination  of 
two  surfaces  are  equal  or  not^  and  by  gradually  shifting  the 
stronger  of  our  two  sources  of  light  farther  off  we  can  adjust 
their  relative  distances  from  the  screen  so  as  to  produce  on  it 
equal  intensities  of  illumination.  What  is  now  the  relation 
between  the  distances  and  the  illuminating  powers  ? 

Let  PT  and  P2  denote  the  illuminating  powers  of  the  two 
sources  ;  d^  and  d^  their  respective  distances  from  the  screen. 
By  equation  2  (p.  188)  the  intensities  of  illumination  on  the 
two  sides  of  the  screen  are  in  the  ratio 


When  the  two  sides  of  the  screen  are  equally  illuminated 


=  I2  and 


or  Pj  :  P2  =  ^    \d. 

Thus  the  illuminating  powers  of  two  sources  of  light  are 
directly  proportional  to  the  squares  of  the  distances  at  which 
they  must  be  placed  from  a  given  surface  in  order  to  produce 
upon  it  the  same  intensity  of  illumination. 

Before  proceeding  to  consider  how  this  principle  is  best 
applied  in  practice  the  student  is  advised  to  compare  it  care- 
fully with  the  law  of  inverse  squares  (p.  187)  so  as  to  avoid 
any  danger  of  confusing  the  two  statements.  > 

ISO.  The  Shadow  Photometer  (Bumford's).  —  One  of 
the  simplest  methods  of  comparing  the  illuminating  powers  of 
two  sources  of  light  is  by  means  of  the  shadow  photometer 
introduced  by  Count  Rumford.  In  the  following  experiment 
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we  shall  describe  how  to  use  the  shadow  photometer  for 
comparing  the  illuminating  powers  of  a  lamp  and  a  candle. 
If  the  candle  used  be  a  standard  candle  (p.  185),  our  experiment 
will  enable  us  to  measure  the  *  candle-power '  of  the  lamp. 

EXPT.  85. — Place  a  vertical  rod  (a  ruler,  or  the  rod  of  a 
retort-stand)  in  front  of  a  white  screen.  Begin  by  putting  the 
candle  and  lamp  side  by  side,  about  a  foot  in  front  of  the  rod. 
Two  shadows  of  the  rod  are  thrown  on  the  screen,  one  by  the 
candle  and  one  by  the  lamp,  and  it  is  evident  that  the  latter 
is  much  the  darker  of  the  two.  What  does  this  mean  ?  Re- 
member that  you  have  now  two  sources  of  light  illuminating 
the  screen.  Each  shadow  is  only  a  partial  shadow.  The 
part  of  the  screen  on  which  the  candle-shadow  falls  receives 
no  light  from  the  candle,  but  it  does  receive  light  from  the 
lamp.  Similarly,  the  part  of  the  screen  on  which  the  lamp- 
shadow  falls  receives  no  light  from  the  lamp,  but  it  does 
receive  light  from  the  candle.  Since  the  former  shadow  is 
not  so  dark  as  the  latter,  and  both  sources  of  light  are  at  the 
same  distance,  we  conclude  that  the  lamp  gives  out  more 
light  than  the  candle. 


Fig.  no.— Shadow  Photometer. 

Now  move  the  lamp  farther  away,  until  the  shadows  appear 
of  the  same  depth.  The  lamp  should  be  placed  in  such  a 
position  that  the  two  shadows  are  formed  side  by  side,  as  in 
Fig.  no,  so  that  you  can  easily  compare  their  intensities. 

Measure  off  with  a  foot-rule  or  metre-scale  the  distances 
from  the  screen  to  the  candle  and  from  the  screen  to  the  lamp. 
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We  shall  suppose  these  to  be  i  ft.  and  2  ft.  respectively 
when  the  shadows  are  of  equal  depth.  Then  it  follows  that 
the  illuminating  power  of  the  lamp  is  to  that  of  the  candle  as 
(2)2  is  to  i,  or  as  4  is  to  i. 

For  let  us  take  the  illuminating  power  of  the  candle  as 
unity,  and  let  the  illuminating  power  of  the  lamp  in  terms  of 
this  unit  be  denoted  by  P.  The  intensities  of  illumination 
produced  by  these  two  sources  of  light  if  they  were  equally 
distant  from  the  screen  would  be  simply  as  i  :  P.  But 
inasmuch  as  their  respective  distances  are  i  ft.  and  2  ft.,  the 
intensities  are,  according  to  equation  (2),  Art.  148,  given  by 
the  proportion 


Since  these  intensities  are  equal  (the  shadows  being  equally 
illuminated)  we  have 

ii-'ii. 

p 
and  therefore  —  =  i,    or  P  =  4. 

Hence  the  lamp  is  of  four  candle-power. 

Or  you  may  look  at  it  in  this  way.  In  their  present  positions 
the  candle  and  lamp  illuminate  the  screen  with  equal  intensity. 
If  you  were  to  move  the  lamp  to  where  the  candle  is,  you 
would  be  diminishing  its  distance  from  the  screen  from  2  ft. 
to  i  ft.  This  would  increase  the  intensity  of  the  illumination 
on  the  screen  due  to  it  in  the  proportion  of  i2  to  22,  or  i  to  4. 
Thus  the  intensity  of  the  illumination  due  to  the  lamp  is  four 
times  as  great  as  that  due  to  a  candle  at  the  same  distance  ; 
in  other  words,  the  lamp  gives  out  as  much  light  as  four 
candles. 

In  connection  with  shadow  photometers  remember  these 
two  points  — 

(  i  )  Although  you  make  the  comparison  by  judging  of  the 
comparative  depths  of  two  shadows,  you  are  really  comparing 
the  intensities  of  illumination  on  two  adjacent  portions  of  the 
screen  and  adjusting  these  to  equality. 

(2)  The  illuminating  powers  of  the  two  sources  of  light  are 
directly  proportional  to  the  squares  of  their  distances  from  the 
screen.  If  the  distances  had  been  i  ft.  and  3  ft.  (instead  of 
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i  ft.  and  2  ft.),  the  illuminating  powers  would  have  been  as 
i  to  9,  and  so  on.  This  also  holds  good  for  the  photometer 
described  in  the  next  article. 

151.  The  Bunsen  Photometer. — If  you  make  a  grease- 
sjDot  on  a  sheet  of  paper  and  hold  it  up  between  you  and  the 
light,  the  spot  appears  brighter  than  the  rest  of  t^e  paper. 
Greasing  the  paper  makes  it  more  transparent  and  so  more 
light  gets  through  the  part  that  has  been  greased.  But  if  you 
stand  with  your  back  to  the  light  and  hold  the  sheet  so  that 
the  light  falls  on  it,  the  grease -spot  appears  darker -than  the 
rest  of  the  sheet.  The  reason  is  obvious.  The  light  that  now 
reaches  your  eye  from  the  sheet  is  reflected  light.'  But,  since 
the  grease-spot  lets  through  more  light  than  the  rest,  of -the 
paper  does,  it  cannot  reflect  as  much  light  to  your  eye,  hence 
it  appears  darker  by  contrast.  A  form  of  photometer  depending 
upon  these  principles  was  introduced  by  Bunsen.  It  is  simple 
in  construction,  and  is  in  everyday  use  for 
the  purpose  of  testing  the  illuminating 
power  of  coal-gas,  etc. 

EXPT.  86. — To  make  and  use  a  Bunsen 
photometer. — Drop  some  melted  wax  from 
a  paraffin  candle  on  a  piece  of  stoutish 
white  paper  (unglazed).  Remove  the  ex- 
cess with  a  knife  when  it  has  solidified. 
Press  a  hot  flat-iron  or  spatula  on  the 

Fig.  in.-lTunsen  Disc.    PaPer>  so  as    to  melt   the  wax  wel1    into  k" 

The  spot  should  be  about  the  size  of  a 
halfpenny.  Mount  the  paper  disc  as  flat  as  possible  in  a 
suitable  frame  (Fig.  1 1 1). 

Draw  a  long  straight  chalk-line  (or  stretch  a  strip  of  paper) 
on  a  table,  and  on  this  mark  a  scale  of  centimetres  or  inches. 
At  one  end  of  the  scale  place  the  candle,  and  at  the  other 
end  the  lamp  which  is  to  be  compared  with  it,  blocking  the 
one  or  the  other  up  until  the  flames  are  at  the  same  height. 
Between  them  place  the  disc  with  the  grease -spot  at  the 
same  height  as  the  two  flames.  Looked  at  from  the  side  facing 
the  lamp,  the  grease-spot  appears  darker  than  the  rest  of  the 
disc.  Looked  at  from  the  side  facing  the  candle,  it  appears 
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brighter ;  this  is  the  appearance  which  it  always  presents 
when  the  back  of  the  disc  is  more  brightly  illuminated  than 
the  front. 

Now  move  the  candle  up  towards  the  disc  :  at  a  certain 
point  the  bright  spot  in  the  centre  disappears,  or  very  nearly 
so.  It  reappears  as  a  dark  spot  if  you  overshoot  the  mark. 
Adjust  the  position  of  the  candle  so  that  the  spot  is  as  nearly 
as  possible  invisible  on  both  sides  of  the  disc.  When  this  is 
the  case  the  disc  is  equally  illuminated  on  both  sides.  The 
grease-spot  appears  neither  darker  nor  brighter  than  the  rest 
of  the  disc,  because  the  amount  of  light  that  is  lost  by  passing 
through  it  is  exactly  made  up  for  by  the  transmission  of  an 
equal  amount  of  light  from  the  opposite  side.  (It  is  here 
assumed  that  the  two  surfaces  of  the  disc  are  exactly  similar. ' 
In  order  to  allow  for  any  difference  that  may  exist  the  disc  is 
usually  mounted  on  a  light  frame  which  can  be  rotated  through 
1 80°  so  as  to  reverse  the  faces.  Measurements  are  made 
before  and  after  reversing,  and  the  mean  of  the  two  readings 
taken  as  correct.) 

Measure  off  the  distances  from  the  disc  to  the  candle  and 
the  lamp.  Their  illuminating  powers  are  directly  proportional  to 
the  squares  of  these  distances  (see  Art.  149).  Suppose  the 
distances  to  be  1 1  in.  and  5  5  in.  These  are  as  I  to  5. 
Their  squares  are  as  I  to  25.  The  lamp  is,  therefore,  of  25 
candle-power. 

EXPT.  87. — To  verify  the  law  of  inverse  squares. — Place 
four  candles  (fairly  close  together)  in  a  row  across  the  line  drawn 
on  the  table,  facing  the  Bunsen  disc,  and  2  or  3  ft.  from  it.  On 
the  other  side  of  the  disc  place  a  single  candle  from  the  same 
batch.  Adjust  the  position  of  the  single  candle  or  the  disc  until 
the  latter  is  equally  illuminated  on  both  sides  (i.e.  until  the 
grease-spot  disappears).  When  this  is  the  case  it  will  be  found 
that  the  row  of  four  candles  is  twice  as  far  from  the  disc  as 
the  single  candle  is.  What  conclusion  do  you  draw  from  this  ? 

152.  Note  on  Optical  Benches,  etc. — In  working  with 
the  Bunsen  photometer,  as  well  as  in  many  other  optical 
experiments  (e.g.  in  finding  focal  lengths  of  mirrors  and 
lenses),  it  is  convenient  to  have  the  various  pieces  of  apparatus 
(candles,  screens,  etc.)  mounted  on  suitable  holders  which 
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slide  on  a  graduated  bar.  Such  an  arrangement  is  called  an 
optical  bench.  A  short  portion  of  a  simple  form  of  wooden 
bench  is  shown  in  Fig.  112,  together  with  one  of  the  sliding 
pieces.  Each  of  these  is  furnished  with  an  upright  socket 
consisting  of  a  piece  of  brass  tube  about  5  in.  high  and  J  in. 
in  diameter.  The  mirrors,  lenses,  etc.,  are  mounted  in  wood 
or  cork  mounts,  attached  to  iron  rods  which  fit  into  the 
sockets  ;  if  these  are  provided  with  screws,  the  rods  can  be 

clamped  at  any  convenient  height. 
The  bench  should  be  about  6  ft. 
long,  and  a  strip  of  stout  white 
paper  should  be  carefully  pasted 
along  the  side  of  it.  When  this 
has  dried  thoroughly  mark  a 
graduated  scale  on  it,  the  gradua- 
tions coming  right  up  to  the  edges 
of  the  slides.  A  centimetre  scale 
is  much  more  convenient  than 
one  in  feet  and  inches.  On  the  edge  of  each  slide  make  a 
vertical  mark,  corresponding  to  the  centre  of  its  socket. 
(See  also  Fig.  139,  p.  232,  and  Fig.  177,  p.  282.) 

The  measurements  required  may  also  be  made  by  using  a 


Fig.  113. — Beam-Compass. 

beam-compass  (Fig.  113),  or  even  by  holding  a  graduated 
scale  alongside  the  apparatus.  But  it  is  a  great  convenience 
to  have  some  form  of  optical  bench,  especially  when  pieces  of 
apparatus  have  to  be  moved  backwards  and  forwards  and 
always  kept  in  the  same  straight  line. 


EXAMPLES  ON  CHAPTER  II 

i.  A  candle  is  placed  at  a  distance  of  i  ft.  from  a  cardboard  screen, 
and  a  lamp  of  nine  candle-power  is  placed  at  a  distance  of  12  ft.  on  the 
other  side.  Compare  the  illumination  on  the  two  sides  of  the  screen. 
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The  intensity  of  the  illumination  on  the  side  facing  the  candle  is  to 
that  on  the  side  facing  the  lamp  as  .  *  to  -  ^  or  as  i  to 

—  ;  i.e.  as  144  to  9,  or  as  16  to  i. 

•  2.  How  near  to  the  screen  would  the  lamp  in  the  last  question  have  to 
be  moved  in  order  to  reverse  the  proportion,  i.e.  to  make  the  intensities  of 
illumination  as  i  to  16  ? 

3.  A  standard  candle  and  a  gas-flame  are  placed  6  ft.  apart,  the  gas- 
flame  being  of  four  candle-power  :  where  must  a  screen  be  placed,  on  the 
line  joining  the  candle  and  gas-flame,  so  that  it  may  be  equally  illuminated 
by  each  of  them  ? 

Let  x  denote  the  distance  of  the  screen  from  the  candle  ;  its  distance 
from  the  gas-flame  will  then  be  6  -  x.  If  the  screen  is  to  receive 
equal  illumination  from  each  of  the  sources  of  light  we  must  have 


.e. 

or,  taking  square  roots,  6  -  x=  ±2*, 
and  therefore  x=  +  2  or  —  6. 

Corresponding  to  these  two  values  of  x  there  are  two  positions  (Pj 
and  Po  in  Fig.  114)  of  the  disc  which  satisfy  the  conditions 
of  the  problem.  The  first,  P1(  is  2  ft.  to  the  right  of  the  candle, 
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Fig.  114. 

i.  e.  between  the  candle  and  the  gas-flame ;  the  second,  P2,  is 
6  ft.  to  the  left  of  the  candle.  Both  solutions  can  easily  be 
verified. 

4.  What  do  you  mean  by  the  intensity  of  the  illumination  at  a  point, 
and  how  would  you  show,  experimentally,  that  it  is  inversely  proportional 
to  the  square  of  the  distance  of  the  point  from  the  source  ? 

5.  In  testing  a  night-light  against  a  candle  by  means  of  a  Rumford 
photometer  it   is  found  that   the   shadows   are  of  equal  depth  when   the 
night-light  is  2  ft.  from  the  screen  and  the  candle  3  ft.     Compare  their 
illuminating  powers. 

6.  Two  equal  sources  of  light  are  placed  on  opposite  sides  of  a  disc, 
one  being  20  cm.  from  it  and  the  other  30  cm.     Compare  the  intensity  of 
illumination  on  the  two  sides  of  the  disc. 

7.  In   measuring  the   illuminating  power  of  a  gas-flame  by  a  Bunsen 
photometer,  the  distance  from  the  gas-flame  to  the  grease-spot  was  96  cm., 
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and  from  this  to  the  standard  candle  30  cm.     What  was  the  candle-power 
of  the  gas-flame  ? 

8.  Describe  how  to  compare  the  intensities  of  two  lights  by  a  shadow 
photometer.     A  bar,  18  centimetres  from  a  screen,  casts  two  shadows  close 
together,  of  equal  shades,  when  the  two  lights  are  respectively  20  centi- 
metres and  30  centimetres  distant  from  the  bar ;  calculate  the  ratio  of  the 
intensities  of  the  two  lights. 

9.  Distinguish  between  illuminating  power  and  intensity  of  illumina- 
tion.    Compare  the  intensities  of  the  illumination  produced  on  the  floor 
of  a  hall  (i)  by  a  Sunbeam  lamp  of  400  candle-power  at  a  height  of  16 
ft.,  and  (2)  by  an  Arc  lamp  of  1000  candle-power  at  a  height  of  40  ft. 

10.  In  determining  the  illuminating  power  of  a  gas-flame  by  Bunsen's 
photometer,  the  distance  from  the  gas-flame  to  the  grease-spot  is  84  cm., 
and  from  this  to  the  standard  candle,  40  cm.  :  what  was  the  candle  power 
of  the  gas-flame  ? 

11.  A  Carcel  lamp  of  nine  candle-power  is  placed  at  a  distance  of  4  yds. 
from  a  standard  candle  :  determine,  as  in  Example  3,  the  two  positions  in 
which  a  screen  may  be  placed  so  as  to  receive  equal  amounts  of  light  from 
the  lamp  and  the  candle. 

12.  The  distance  of  the  moon  from  the  earth  is  240,000  miles,  and 
the  light  of  the  full  moon  is  found  to  produce  the  same  degree  of  illumina- 
tion as  a  standard  candle  does  at  a  distance  of  4  ft.      Show  that  the 
illuminating  power  of  the  moo*n  is  equivalent  to  that  of  10,036,224  x  io10 
candles. 


CHAPTER    III 
VELOCITY  OF  LIGHT 

153.  When  a  gun  at  some  distance  from  you  is  fired,  you  sec 
the  flash  before  you  hear  the   report.     The  sound  takes   an 
appreciable  time  to  travel  from  the  gun  to  you.     But  how  about 
the  light  ?     Is  the  flash  seen  at  the  very  same  instant  when  it 
is  produced  ?  or  does  the  light  travel  with  a  definite  velocity  ? 
If  it  does,  by  what  method  can  this  velocity  be  measured  ? 

Suppose  a  gun  to  be  fired  at  regular  intervals,  say  every 
hour.  An  observer  near  at  hand  and  provided  with  a  delicate 
chronometer  observes  the  times  at  which  the  flashes  are  seen. 
Now  suppose  the  observer  to  move  a  very  great  distance  off 
If  the  distance  were  great  enough,  he  would  not  now  see  the 
flashes  exactly  at  the  actual  times  of  firing  (i.e.  at  the  hour),  but 
a  short  time  afterwards ;  and  by  carefully  measuring  this 
time,  knowing  his  distance  from  the  gun,  he  would  be  able  to 
calculate  the  speed  with  which  light  travels.  As  a  matter  of 
fact,  this  speed  is  so  great  that  it  would  be  exceedingly  difficult  to 
detect  any  retardation  within  any  practicable  distance  on  our 
earth.  Astronomers  have  to  deal  with  immensely  greater 
distances,  and  so  it  is  not  surprising  to  find  that  the  first 
observations  on  the  velocity  of  light  were  made  by  astronomical 
methods. 

154.  Romer's  Method. — The  first  estimate  of  the  velocity 
of  light  was  made  about  the  year  1675  by  a  Danish  astronomer 
named  Ro'mer.      It  happens  that  one  of  Jupiter's  satellites  (or 
moons)    passes    into    the    shadow    of    the    planet    at    regular 
intervals  (48^  hours),  and  is  thus  eclipsed.      While  the 'earth 
is  in  the  neighbourhood  of  E,  Fig.  1 15  (i.e.  nearest  to  Jupiter), 
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its  distance  from  Jupiter  does  not  change  rapidly,  and  the 
successive  eclipses  of  the  satellites  are  seen  to  occur  at  regular 
and  equal  intervals.  The  same  holds  good  when  the  earth  is 
in  the  neighbourhood  of  E'  (farthest  from  Jupiter).  But 
between  these  two  positions,  as  the  earth  moves  from  E  to  E', 
its  distance  from  the  planet  continually  increases,  and 


Fig.  115. 

Romer  observed  that  during  this  time  the  intervals  between 
successive  eclipses  were  always  longer  than  the  time  mentioned. 
An  eclipse  seen  at  E'  is  16  minutes  26  seconds  later  than  if  it 
had  been  observed  at  E.  The  difference  is  due  to  the  time  taken 
by  the  light  in  travelling  from  E  to  E',  i.e.  across  the  diameter 
of  earth's  orbit.  This  is  a  distance  of  about  184,000,000 
miles,  and  since  light  traverses  it  in  986  seconds  we 

conclude  that  its  velocity  is      4'°°°'00°,  or  about  186,600  miles 

900 

per  second.  Some  idea  of  this  may  be  obtained  by  con- 
sidering how  long  light  would  take  to  travel  round  our  earth. 
The  circumference  of  the  earth  is  less  than  25,000  miles. 
Light  would  therefore  travel  round  it  seven  and  a  half  times  in 
a  second. 

155.  Pizeau's  Method.  —  It  might  appear  impossible  to 
measure  such  an  enormous  velocity  as  this  otherwise  than  by 
astronomical  observations.  The  skill  of  modern  experimenters 
has,  however,  proved  equal  to  the  task.  The  first  experimental 
method  was  devised  by  Fizeau,  and  depends  upon  the  following 
principle  : — 

If  a  toothed  wheel  be  made  to  revolve  very  rapidly  about 
its  axis,  the  time  taken  by  a  single  tooth  or  a  single  space  in 
passing  a  given  point  is  extremely  small.  For  example,  it  is 
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easy  to  make  it  as  small  as  the  ten-thousandth  part  of  a  second  ; 
during  which  time  light  would  only  travel  about  1 8^-  miles.  Now 
suppose  that  a  beam  of  light  passes  between  the  two  teeth  of  the 
mirror,  parallel  to  its  axis,  and  falls  upon  a  distant  mirror  which 
reflects  the  beam  back  along  its  own  path.  When  the  light  gets 
back  again  to  the  wheel  it  may  be  able  to  pass  through  a  space, 
or  it  may  be  blocked  by  one  of  the  teeth  ;  .and  which  of  these  two 
things  happens  will  simply  depend  upon  the  distance  of  the 
mirror  and  the  speed  of  rotation  of  the  wheel. 

Fizeau  chose  two  stations  8633  metres  apart.  At  one  of 
these  was  placed  the  toothed  wheel  <ww  (Fig.  1 16),  and  a  bright 
source  of  light  ;  at  the  other  the  mirror  m't  which  reflected  the 
light  back  to  the  first  station.  The  source  of  light  was  not 
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Fig.  116. — Fizeau's  Method. 

placed  directly  behind  the  wheel  but  to  one  side,  at  L,  and  the 
light  from  it  was  reflected  to  the  distant  mirror  m'  by  means  of 
a  transparent  mirror  m  (of  unsilvered  glass)  inclined  at  an 
angle  of  45°.  Thus  an  observer  looking  through  m  towards 
the  distant  station  would  see  a  bright  star  or  point  of  light — the 
image  of  L  produced  by  reflection  in  m'. 

Now  it  was  found  that  when  the  wheel  was  made  to  rotate 
at  a  certain  speed  this  bright  star  'was  eclipsed  ;  and  the 
speed  of  rotation  at  which  this  happened  was  such  that  the 

wheel    only  took   -  of  a   second   to   move    through   the 

breadth  of  a  tooth  or  space.  During  this  short  time  the  light 
had  travelled  through  one  of  the  spaces  at/"  to  the  distant  mirror 
;;/'  and  back  again,  or  through  a  distance  of  2  x  8633,  or 
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17,266  metres  ;  and  on  its  return  its  path  was  blocked  by  the 
next  tooth.  From  this  we  conclude  that  in  one  second  light 
would  travel  a  distance  of  17,266x18,144  =  313,274,304 
metres.  When  the  wheel  was  made  to  rotate  twice  as  rapidly 
the  star  reappeared,  the  light  now  passing  through  a  space  at 
/  on  its  way  to  ;«',  and  through  the  next  space  on  its  return 
journey. 

Later  experiments  have  shown  that  Fizeau's  result  was  too 
high,  and  that  the  velocity  of  light  is  probably  about  300 
million  metres  per  second,  or  186,400  miles  per  second. 


CHAPTER    IV 
REFLECTION  OF   LIGHT— PLANE    MIRRORS 

156.  Regular  and  Irregular  Reflection. — Light  may 
be  reflected  from  the  surfaces  of  bodies  either  regularly  or  ir- 
regularly. Light  is  regularly  reflected  from  smooth  and  regular 
surfaces,  such  as  those  of  glass  and  polished  metals  ;  also  from 
the  surfaces  of  still  water  and  mercury.  Irregular  reflection 
(or  scattering)  is  more  common.  Even  surfaces  which  appear 
smooth  (e.g.  paper,  cardboard,  etc.)  are  really  full  of  small 
irregularities  :  consequently  they  diffuse  the  light  that  falls 
upon  them,  reflecting  it  irregularly  in  all  directions. 

EXPT.  88. — Take  into  a  darkened  room  an  ordinary  mirror 
(looking-glass),  a  sheet  of  tin-plate,  and  sheets  of  white  and 
black  paper  or  cardboard.  Admit  a  small  beam  of  sunlight 
into  the'  room  (or  use  a  beam  from  the  lantern).  Hold  the 
mirror  in  the  beam  :  it  reflects  the  beam  in  a  definite 
direction  and  throws  on  the  wall  a  distinct  patch  of  light, 
which  moves  about  as  you  move  the  mirror.  Try  the  tin- 
plate.  The  patch  of  light  which  it  throws  is  not  so  bright  or 
distinct  :  it  is  not  such  a  good  reflector.  The  white  paper 
does  not  give  any  distinct  patch  of  light ;  still  it  does  in  some 
way  act  as  a  reflector.  This  you  can  show  by  placing  a  white 
screen  near  the  beam  (but  not  in  it)  and  holding  the  paper  so 
as  to  throw  the  light  on  the  screen.  The  screen  becomes 
more  or  less  uniformly  lit  up  with  diffused  light. 

Now  get  some  one  to  hold  the  mirror  again  in  the  beam, 
while  you  stand  in  a  far  part  of  the  room  and  look  at  it.  If  it 
is  held  so  as  to  reflect  the  beam  directly  towards  you,  you  see 
a  glare  of  light ;  otherwise  you  can  scarcely  see  the  mirror  at  all 
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(especially  if  the  room  is  well  darkened).  The  white  paper,  on 
the  other  hand,  can  be  seen  almost  equally  well  from  any  part 
of  the  room  :  it  reflects  the  light  in  all  directions,  so  that  some 
always  reaches  your  eye.  The  black  paper  again  is  almost 
invisible.  This  is  because  it  absorbs  all  the  light  that  falls  on 
it,  so  that  none  is  reflected  to  your  eye,  whereas  in  the  case  of 
the  mirror  it  was  because  all  the  light  was  reflected  in  another 
direction. 

157.  Reflection  from  Plane  Mirrors. — When  we  speak 
of  light  as  being  reflected  regularly,  we  mean  that  it  is 
reflected  according  to  some  rule.  We  have  now  to  find  what 
this  rule  or  law  is. 

EXPT.  89. — Cover  the  front  of  the  lantern  with  a  blackened 
cap  in  which  has  been  cut  a  horizontal  slit.  Allow  a  beam  of 
light l  from  this  to  fall  upon  a  mirror  facing  the  lantern  and 


Fig.  117. — Reflection  of  Light. 

fitted  up  as  shown  in  Fig.  1 1 7.  The  mirror  can  be  rotated 
about  a  horizontal  axis.  Attached  to  the  mirror,  and  perpen- 
dicular to  it,  there  is  a  light  pointer  which  moves  over  a 
graduated  arc  fixed  to  a  horizontal  arm.  The  angle  through 
which  the  pointer  moves  (reckoned  from  the  zero  at  the  end 

1  A  beam  of  sunlight,  reflected  into  the  room  from  a  mirror  suitablyplaced  outside, 
will  do  equally  well.  The  room  must,  of  course,  be  darkened.  If  a  lantern  is  used, 
the  objective  must  be  removed  and  the  rays  rendered  parallel  by  placing  the  source 
of  light  at  the  principal  focus  of  the  condenser. 
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of  the  horizontal  arm)  indicates  the  angle  through  which  the 
mirror  is  moved  out  of  the  vertical.  The  height  of  the  lantern 
should  be  adjusted  so  that  the  horizontal  beam  falls  on  the 
axis  of  rotation  of  the  mirror.  The  path  of  the  beam  can  be 
shown  up  more  clearly  by  burning  touch-paper l  underneath 
(Art.  143). 

Place  the  mirror  vertically  ;  the  pointer  stands  at  the  o° 
mark.  The  beam  of  light  falls  perpendicularly  on  the  mirror 
and  is  reflected  back  along  its  own  path. 

Tilt  the  mirror  up  so  that  the  pointer  stands  at  (say)  20° ; 
the  reflected  beam  makes  an  equal  angle  with  it  on  the  other 
side  (i.e.  stands  at  40°).  Try  other  angles.  Observe  that 
whenever  the  mirror  is  rotated  through  any  angle,  the  reflected 
beaiii  moves  through  double  the  angle;  and  the  pointer  always 
bisects  the  angle  between  the  incident  and  reflected  beams. 

158.  Definitions — Laws  of  Reflection.  —  Suppose  a 
ray  of  light  IN  (Fig.  1 18)  falling  on  a  plane  reflecting  surface 
at  N  to  be  reflected  along  NR.  The 
line  NP,  drawn  perpendicular  to  the 
surface  at  the  point  of  incidence  N,  is 
called  the  normal  to  the  surface.  The 
angle  INP,  between  the  incident  ray 
IN  and  the  normal,  is  called  the  angle 
of  incidence.  The  angle  PNR,  between 
the  reflected  ray  and  the  normal,  is 
reflection. 

Having  defined  these  terms,  we  may  now  state  the  laws  of 
reflection  as  follows  : — 

I.  The  reflected  ray  lies  in  the  plane  containing  the  incident 
ray  and  the  normal,  and  on  the  opposite  side  of  the  normal. 

II.  The  angles  of  incidence  and  reflection  are  equal. 

When  a  ray  of  light  is  incident  normally  on  a  mirror,  the 
angles  of  incidence  and  of  reflection  are  both  zero,  and  the  ray 
is  reflected  back  along  its  own  path. 

In  general,  if  you  wish  to  find  the  path  of  the  reflected  ray, 
draw  the  normal  at  the  point  of  incidence  :  on  the  other  side 

1  Touch-paper  is  made  by  soaking  brown  paper  in  a  solution  of  saltpetre  and  then 
allowing  it  to  dry. 
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of  the  normal  draw  a  line  making  with  it  an  angle  equal  to 
the  angle  of  incidence.  This  is  the  direction  of  the  reflected 
ray. 

Fig.  1 1 9  illustrates  the  nature  of  what  was  referred  to  in 
Art.  1 56  as  irregular  reflection.  Every  ray  in  the  parallel  beam 
which  falls  upon  the  unpolished  surface  is  really  reflected 
according  to  the  usual  law  :  but,  as  the  various  parts  of  the 

surface  are  inclined  at 
different  angles  to  the 
incident  rays,  the  light 
is  reflected  in  all  direc- 
tions, or  scattered. 


159.  Experimental 
Verification.  — The 
apparatus  illustrated  in 
Fig.  120  is  easily  made, 
and  by  means  of  it  the 
student  can  verify  with 
considerable  accuracy 
the  relation  between  the  angles  of  incidence  and  reflection. 


Fig.  119. — Scattering  of  Light. 


EXPT.  90. — Cut  a  semicircle  of  about   i   ft.  radius  out  of 
a  wooden  board  or  piece  of  stiff  cardboard,  and  paste  white 


Fig.  120. — Verification  of  Law  of  Reflection. 

paper  on  it.  When  dry,  mark  off  a  semicircle  on  it,  and 
divide  it  into  degrees  as  in  the  figure.  The  movable  arms 
MP  and  MT  are  strips  of  thin  cardboard  in  which  are  cut 
V-shaped  slits,  the  points  of  the  V's  lying  just  over  the  marks 
on  the  graduated  circle.  On  one  of  the  arms  is  mounted  a  tube 
T  made  of  black  paper  (or  a  glass  tube  blackened  on  the 
inside),  and  a  thread  is  stretched  vertically  across  the  end  of 
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this  tube  which  is  directed  towards  the  centre  of  the  circle. 
The  other  arm  carries  a  pin  P.  M  is  a  mirror  (2  in.  by  i  in.) 
fastened  by  sealing-wax  to  a  stout  pin  which  is  driven  in, 
through  the  ends  of  the  two  arms,  at  the  centre  of  the  semi- 
circle. The  mirror  must  be  adjusted  so  that  it  is  vertical  and 
faces  the  o°  mark. 

Place  the  arm  P  so  that  the  end  of  the  slit  in  it  lies  exactly 
over  one  of  the  degree  marks.  Move  the  arm  T  until  the 
image  of  the  pin  in  the  mirror  can  be  seen  through  the  tube 
just  behind  the  thread.  Read  off  the  angles. 

^  ,  16O.  Measurement  of  Small  Deflections. — We  may 
here  refer  to  a  very  useful  application  of  the  law  of  reflection 
in  measuring  small  angles,  e.g.  in  observing  and  measuring 
small  deflections  of  a  suspended  magnet.  The  method  con- 
sists in  attaching  a  small  mirror  to  the  magnet,  and  allowing 
a  beam  of  light  to  fall  normally  upon  this.  If  now  the  magnet 
moves  through  any  angle,  the  mirror  moves  with  it,  and  the 
reflected  beam  moves  through  double  the  angle. 

This  we  have  already  proved  in  Expt.  89.  It  also  follows 
from  the  law  of  reflection.  For 
let  st  (Fig.  121)  be  the  position 
of  the  magnet  at  rest  and  oa  a 
ray  of  light  falling  normally  upon 
the  mirror  attached  to  it  at  a ;  in 
this  position  the  ray  of  light  is 
reflected  back  along  its  own  path. 
If  now  the  magnet  moves  through 
an  angle  V  into  the  position  s't't 
the  normal  to  the  mirror  moves 
through  the  same  angle  into  the 
position  ap.  The  angle  of  in- 
cidence is  oap  =  V,  and  hence  the 
angle  of  reflection  must  =  V  ;  thus 
the  reflected  ray  travels  along 
a  path  which  makes  an  angle  2V 
with  its  original  direction  («<?). 

The  reflected   ray  thus   forms 
a  long  weightless  pointer  which  rotates  twice  as  fast  as  the 
mirror.      Its  position  is  observed  by  allowing  it  to  fall  upon  a 


Fig.  121. 
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graduated  scale  mn  and  watching  the  motion  of  the  spot  of 
light.  By  placing  the  scale  at  a  sufficient  distance  from  the 
mirror,  the  motion  of  the  latter  may  be  magnified  as  much  as 
we  please. 

161.  Images  in  Plane  Mirrors. — Let  A  (Fig.  122)  be 
a  luminous  point  and  MM  a  plane  mirror.  Rays  of  light  pro- 
ceed from  A  in  all  directions  ;  some  of  these  fall  upon  the 
mirror  and  are  reflected  by  it.  Let  AB  be  any  one  of  these 
rays.  At  B  draw  the  normal  BC  ;  also  draw  BD,  making  the 
angle  DEC  equal  to  the  angle  ABC.  Then  by  the  law  of 
reflection  (Art.  158)  BD  is  the  reflected  ray.  To  an  observer 

whose   eye    is    placed  any- 

C  where  along   BD    the  light 

would  appear  to  come  from 
some  point  behind  the 
mirror  in  the  direction  of 
DB  produced.  From  A 
draw  a  perpendicular  to  the 
mirror  and  produce  it  to 
meet  DB  produced  at  A'. 

Now,  since  AA'  and  CB 
are  parallel  (both  being  per- 
pendicular to  the  mirror), 
the  angles  CBA  and  BAM 
are  equal ;  and  so  also  are 
the  angles  CBD  and  BA'M. 
But  the  angles  CBA  and 
CBD  are,  by  the  law  of  reflection,  equal ;  therefore  the  angle 
BAM  is  equal  to  the  angle  BA'M.  Thus  in  the  triangles 
1 1)  and  A'MB  the  base  is  common,  the  angles  at  A  and  A' 
are  equal,  and  the  angles  at  M  are  right  angles.  Hence  the 
two  triangles  are  equal,  and  the  side  A'M  is  equal  to  AM. 

A'  is  as  far  behind  the  mirror  as  A  is  in  front  of  it.  Hence 
A'  is  a  fixed  point.  We  have  supposed  AB  to  be  any  one  of 
the  rays  falling  on  the  mirror  (and  lying  in  the  plane  of  the 
paper).  Hence  any  other  ray  such  as  AB'  will  also  after 
reflection  appear  to  come  from  the  same  point  A' ;  it  will  be 
reflected  along  B'D',  and  the  line  D'B'  produced  backwards 
will  pass  through  A'. 


Fig.  122. — Image  of  Point  in  Plane 
Mirror. 
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A  is  the  focus  (see  Art.  144)  from  which  the  incident  rays 
proceed.  A'  is  the  corresponding  focus  from  which  the  ( 
reflected  rays  appear  to  proceed.  Observe  that  there  is  this  ^ 
difference  between  the  two  foci.  The  rays  really  proceed  j 
from  A,  and  hence  A  is  called  a  real  focus.  The  reflected  / 
rays  do  riot  really  proceed  from  A'  but  only  appear  to  do  so  ;  | 
hence  A'  is  called  a  'virtual  focus. 

All  rays  diverging  from  A  appear,  after  reflection  in  the 
mirror,  to  diverge  from  A'.  A'  is  called  the  image  of  A. 
An  observer  looking  at  the  mirror  sees  the  image  by  means  of 
a  small  pencil  of  these  divergent  rays.  The  position  of  the. 
image  does  not  depend  upon  the  position  of  the  observer's  eye.f 
It  is  not  necessary  that  the  mirror  should  extend  right  up  to- 
(or  opposite)  the  object  A ;  thus  in  the  figure  the  portion  BB', 
of  the  mirror  alone  is  required  in  order  that  the  observer  may 
see  the  image  A'. 

The  reflected  rays  do  not  really  proceed  from  A'  but  only 
appear  to  do  so ;  A'  is  therefore  called  an  apparent  or  virtual  . 
image. 

We  have  thus  shown  that  a  pencil  of  divergent  rays  falling  '„ 
on  a  plane  mirror  remains  divergent  after  reflection.  It  wifl 
be  a  useful  exercise  for  you  to  draw  a  diagram  showing  that 
a  pencil  of  convergent  rays  remains  convergent  after  reflection, 
also  that  a  beam  of  parallel  rays  remains  parallel  after  re- 
flection. 

162.  Summary  and  Definitions. — The  image  of  a  point 
in  a  mirror  is  a  corresponding  point  from  which  rays  of  light 
diverge  (or  appear  to  diverge}  after  reflection  from  the  mirror. 

If  the  rays  of  light  after  reflection  from  the  mirror  really  ( 
diverge  from  the  point,  it  is  called  a  real  image;  but  if  M\y- 
only  appear  to  diverge  from  the  point,  it  is  called  a  virtual  image. 

The  position  of  the  image  of  a  point  in  a  plane  mirror  is 
found  by  drawing  a  perpendicular  from  the  point  to  the  mirror\ 
and  producing  it  until  its  length  is  doubled. 

163.  We  can  now  easily  find  by  geometrical  construction 
the  position  and  size  of  the  image  of  an  extended  object  pro- 
duced in  a  plane  mirror. 

Let  AB  (Fig.  1 23)  be  the  object  and  MM'  the  mirror.     From 
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A  draw  a  perpendicular  to  the  mirror  and  produce  it  until  its 
length  is  doubled.  The  point  A'  thus  found  is  the  image  of 
A.  In  the  same  way  the  image  of  B  is  formed  at  B',  which  is 
as  far  behind  the  mirror  as  B  is  in  front  of  it.  Similarly  the 
images  of  points  intermediate  between  A  and  B  are  formed  at 
corresponding  points  between  A'  and  B'.  Thus  a  complete 
image  A'B'  of  AB  is  obtained. 

From  every  point  on  the  object  rays  of  light  proceed  towards 
the  mirror  and,  after  reflection,  appear  to  come  from  the 
corresponding  point  of  the  image.  In  Fig.  123  are  shown  the 
paths  of  the  pencils  of  light  by  which  an  observer  sees  the 
extreme  points  of  the  image.  When  the  observer's  eye  is  in 
the  position  shown,  the  only  part  of  the  mirror  required  for  the 
formation  of  the  image  is  that  lying  between  C  and  D. 

The  image  is_virtual^and  erect  :  it  appears  to  be  as  far 
behind  the  mirror  as  the  object  is  in  front  of  it,  and  is  of  the 
same  size  and  shape  as  the  object. 


Fig.  123. — Image  in  Plane  Mirror. 


Fig.  124. — Lateral  Inversion. 


But  the  appearance  of  the  image  is  not  exactly  the  same  as 
that  of  the  object  facing  the  mirror.  It  is  affected  by  what  i,s 
known  as  lateral  inversion.  You  will  best  understand  what 
this  is  by  placing  a  printed  page  in  front  of  a  looking-glass  and 
trying  to  read  the  print  in  the  image.  The  letters  are  all  erect, 
but  the  words  read  from  right  to  left.  A  letter  p  appears  in 
the  image  as  a  letter  q  (Fig.  124).  A  page  of  type,  as  set  up 
by  a  printer,  can  be  read  by  holding  it  in  front  of  a  mirror. 

The    effects    of  this    lateral    inversion    can    frequently    be 
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observed  by  looking  at  the  face  of  a  friend  in  a  mirror. 
faces  are  never  perfectly  symmetrical,  and  so  we  do  not  quite 
see  ourselves  as  others  see  us. 

164.  Multiple  Images  in  Inclined  Mirrors.  —  EXPT. 
91.  —  Take  two  mirrors  (about  4  inches  square)  and  join  two 
of  their  edges  by  pasting  on  a  strip  of  cloth  or  ribbon,  thus 
making  a  hinge  about  which  the  mirrors  can  be  moved. 
Stand  them  vertically  on  a  table  with  a  lighted  candle-end 
between.  A  number  of  images  of  the  candle-flame  are  seen. 

Either  of  the  mirrors  used  by  itself  would  give  only  one 
image.  The  effect  observed  must  be  due  to  a  joint  action  of 
the  mirrors,  by  which  the  light  is  repeatedly  reflected  from 
one  mirror  to  the  other  and  finally  to  your  eye.  These 
multiple  reflections  give  rise  to  multiple  images. 

The  number  of  images  seen  depends  upon  the  angle 
between  the  mirrors.  Adjust  them  so  that  this  angle  is  45°  : 
the  number  of  images  is  seven.  Gradually  increase  the  angle 
to  60°  :  the  middle  image  disappears  and  the  ones  on  each 
side  of  it  (i.e.  the  two  nearest  the  hinge)  coincide  and  form  a 
single  image.  The  number  is  now  five.  Increase  the  angle 
to  90°  :  the  same  process  is  repeated  and  the  number  of 
images  is  reduced  to  three.  Observe  that  the  coincidence 
takes  place  when  the  angle  between  the  mirrors  is  contained 
an  exact  number  of  times  in  four  right  angles  (360°)  ;  and 
that  if  this  number  be  ;/  the  number  of  images  is  («  —  i). 

Brewster's  kaleidoscope  consists  of  a  tube  in  which  are  two 
mirrors  inclined  at  an  angle  of  60°.  One  end  of  the  tube  is 
closed  by  a  glass  disc  beyond  which  is  another  disc  of  ground 
glass  :  in  the  space  between  these  two  are  placed  coloured 
objects  of  irregular  form  (pieces  of  glass,  etc.).  On  looking 
through  the  other  end  of  the  tube  the  observer  sees  multiple 
images  of  these  in  the  form  of  symmetrical  (hexagonal)  figures, 
often  of  considerable  beauty. 

*J|  165.  It  will  be  a  useful  exercise  for  the  student  to  trace 
the  paths  of  the  rays  by  which  these  images  are  seen.  In 
doing  so  the  following  principles  should  be  borne  in  mind  :  — 
When  rays  of  light  from  a  luminous  object  are  reflected  by  a 
plane  mirror,  they  diverge  from  a  corresponding  point  at  an 
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equal  distance  behind  the  mirror ;  and  this  may  be  called  the 
primary  image  of  the  object,  the  rays  forming  it  having  been 
reflected  once  only.  If  these  rays  fall  upon  a  second  mirror 
they  will,  after  a  second  reflection,  appear^to  diverge  from  a 
point  as  far  behind  the  second  mirror  as  the  primary  image, 
is  in  front  of  it.  In  other  words,  a  secondary  image  of  the 
object  is  formed  by  successive  reflections  of  rays  at  the  two 
mirrors.  In  finding  the  position  of  this  secondary  image,  the 
primary  image  may  be  treated  as  a  virtual  object  sending  out 
rays  of  light. 

This  process  may  be  repeated  any  number  of  times  as  long 
as  any  one  of  the  images  lies  in  front  of  one  of  the  mirrors 
(i.e.  in  front  of  the  plane  in  which  the  mirror  lies).  Thus  a 
secondary  image  may  after  a  third  reflection  give  rise  to  a 
tertiary  image  ^  and  so  on. 

Fig.  1 2  5  shows  the  appearance  presented  when  a  candle 
is  held  between  two  mirrors  inclined  at  right  angles.  Two  of 


Fig.  123. 

the    images    seen    are   simply  primary   images    produced    by 
single    reflections    from    the    horizontal    and    vertical    mirrors 
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objects  by  reflection  from  the  window  -  glass.  Since  the  glass  is  trans- 
parent, you  can  at  the  same  time  see  the  contents  of  the  shop-window. 
This  is  the  principle  upon  which  "Pepper's  Ghost"  and  other  optical 
illusions  depend. 

EXPT.  93.— Remove  the  front  of  a  wooden  box  and  place  a  beaker  full 
of  water  inside  it,  as  shown  in  plan  at  B  (Fig.  128).  Diagonally  across  the 
box  fix  a  vertical  sheet  SS'  of  window-glass.  At  one  side  place  a  lighted 
candle  C.  Cut  a  hole  in  the  front  of  the  box  and  replace  it.  An  observer 
looking  in  through  this  hole  sees  a  candle  apparently  burning  inside  the 
beaker  of  water. 


Fig.  128. 


Fig.  129. 


KXPT.  94. — Hold  the  point  of  a  pencil  against  a  sheet  of  thick  plate- 
glass  and  look  at  it  sideways.  Several  images  are  seen.  The  first  of  these 
(the  one  which  touches  the  pencil  point)  is  produced  by  reflection 
from  the  front  surface  of  the  glass.  The  second  is  produced  by  reflection 
from  the  back  surface  and  the  others  by  repeated  reflections  between  the 
front  and  back  surfaces  in  a  manner  which  will  be  more  fully  explained 
in  Art.  200. 

Repeat  the  experiment  with  a  candle,  holding  the  glass  so  that  the 
light  falls  on  it  obliquely,  as  in  Fig.  129.  If  a  plate-glass  mirror  is  used 
instead  of  a  piece  of  unsilvered  glass,  the  second  image  (that  produced  by 
reflection  from  the  back  or  silvered  surface)  will  be  the  brightest,  as  shown 
in  the  figure. 

These  multiple  images  are  a  cause  of  no  little  annoyance  in  optical 
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work,  and  in  order  to  avoid  them  metallic  mirrors,  or  glass  mirrors 
silvered  on  the  front  surface  are  frequently  used.  These  produce  only  a 
single  image. 


EXAMPLES  ON  CHAPTER  IV 

1.  When  a  horizontal  beam  of  light  falls  on  a  vertical  plane  mirror 
which  revolves  about  a  vertical  axis  in  its  plane,  show  that  the  reflected 
beam  revolves  at  twice  the  rate  of  the  mirror. 

2.  Distinguish  between  a  real  and  virtual    image    formed  by   optical 
means.     A  candle  is  placed  in  front  of  a  piece  of  flat  glass,  and  on  looking 
into  the  glass  an  image  of  the  candle  is  seen  :  show  how  to  determine  the 
position  of  this  image.      Is  it  real  or  virtual? 

3.  Describe  and  explain  the  difference  of  the  effects  observed  when  the 
sun  sets  over  a  smooth  lake  or  sea,  according  as  the  water  is  (i)  absolutely 
smooth,  or  (2)  covered  with  ripples. 

4.  A  man  stands  in  front  of  a  looking-glass  of  the  same  height  as  himself. 
Show  that  he  only  requires  about  one-half  of  it  in  order  to  see  a  full-length 
image  of  himself. 

5.  A  source  of  light  is  seen  by  reflection  in  two  vertical  plane  mirrors 
placed  against  the  two  walls  in  a  corner  of  a  square  room.      Construct  a 
figure   showing  exactly  the  path  of  a  beam  which  enters  the  eye  of  an 
observer  after  two  reflections,  one  at  each  mirror. 

6.  A  candle  stands  in  front  of  a  mirror  which  is  inclined  at  an  angle 
of  30°  to  the  vertical.      Show  by  a  diagram  the  position  of  the  image  and 
the  paths  of  the  rays  by  which  an  observer  sees  the  two  ends  of  the  candle. 

7.  A  candle  is  placed  in  any  position  between  two  plane  mirrors  at 
right  angles.      Show  that  its  two  secondary  images  (produced  by  reflection 
from  both  mirrors)  will  exactly  coincide. 

r  8.  An  object  is  placed  between  two  mirrors  inclined  at  45°.  Show  by 
a  figure  how  an  observer  could  see  an  image  after  four  successive 
reflections. 

«  9.  A  ray  of  light  is  reflected  successively  from  two  mirrors  inclined  at 
right  angles  to  each  other  (as  in  Fig.  126).  Prove  that  the  ray  after  a 
second  reflection  is  parallel  to  its  original  direction. 

a  10.  Two  plane  mirrors,  A  and  B,  are  placed  vertically  on  a  horizontal 
table.  A  ray  of  light  PB  falls  upon  the  mirror  B,  and  is  reflected  to  the 
mirror  A.  Show  that  the  ray  AQ  reflected  from  the  latter  makes  with  PB 
an  angle  which  is  double  of  the  angle  between  the  mirrors. 

,  ii.  Prove  that  if  an  object  in  front  of  a  plane  mirror  mbves  through  a 
distance  d  away  from  the  mirror,  the  image  will  move  through  the  same 
distance  ;  whereas  if  the  mirror  moves  parallel  to  itself  through  a  distance 
d  (the  object  remaining  fixed)  the  image  will  move  through  a  distance 
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168.  Definitions. — A  spherical  mirror  is  a  portion  of  a 
spherical  reflecting  surface.  The  centre  of  curvature  of  the 
mirror  is  the  centre  of  the  sphere  of  which  the  mirror  forms  a 
part.  The  radius  of  the  sphere  is  called  the  radius  of  curvature 
of  the  mirror.  Spherical  mirrors  may  be  either  concave  or 
convex.  In  concave  mirrors  the  reflection  takes  place  from 
the  inner  face  (that  which  faces  towards  the  centre  of  curva- 
ture). In  convex  mirrors  the  reflection  takes  place  from  the 
outer  face  (that  which  faces  away  from  the  centre  of  curvature). 
Fig.  130  represents  a  section  of  a  concave  spherical  mirror 
of  which  c  is  the  centre  of  curvature.  MM'  is  called  the 

diameter  or  aperture  of 
the  mirror ;  the  angle 
MfM',  included  be- 
tween the  lines  Me  and 
M'CJ  is  called  the 
angular  aperture  of  the 
mirror.  The  centre  of 
the  face  of  the  mirror 
is  at  d.  This  point 
is  sometimes  called 
simply  the  centre  of 
Fig.  130.  the  mirror.  This,  how- 

ever, might  leave  us  in 

doubt  as  to  whether  c  or  d  was  referred  to.  It  is  therefore 
preferable  to  call  the  point  d  the  vertex  or  pole  of  the  mirror. 
The  distance  at  is  the  radius  of  curvature. 
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The  principal  axis  of  a  mirror  is  the  line  passing  through 
the  vertex  of  the  mirror  and  its  centre  of  curvature.  Any 
other  line  passing  through  the  centre  of  curvature  is  called  a 
secondary  axis.  Thus  in  Fig.  130  cd  is  the  principal  axis,  and 
cM  and  <:M'  are  secondary  axes. 

169.  Construction  for  Reflected  Ray. — A  line  drawn 
from  any  point    on   the   mirror   to  its  centre  of  curvature   is 
a  radius  of  the  sphere,  and  is  normal  to  the  surface  of  the 
mirror  at  that  point.      Hence  any  ray  of  light  passing  through 
the  centre  of  curvature  and  falling  on  the  mirror  is  incident 
normally  and    must    be    reflected   back   along   its   own   path. 
In    Fig.    130,   if  c  were  a   luminous    point    sending  out   rays 
of  light  to  the  mirror,  all  these  rays  would  be  reflected  back 
along  their   own  paths  and  would  again  converge  to  a  focus 
at  c.     (See  definition,  p.  180.) 

In  general,  if  you  wish  to  find  the  direction  in  which  a  ray 
of  light  is  reflected  from  a  mirror  (concave  or  convex),  proceed 
as  follows  : — Join  the  point  of  incidence  to  the  centre  of 
curvature  of  the  mirror  ;  this  gives  you  the  direction  of  the 
normal  at  the  point  of  incidence.  The  angle  between  the 
incident  ray  and  the  normal  is  the  angle  of  incidence.  From 
the  point  of  incidence,  and  in  the  plane  containing  the  incident 
ray  and  the  normal,  draw  a  line  making  with  the  normal 
(but  on  the  opposite  side)  an  angle  equal  to  the  angle  of 
incidence.  This  is  the  path  of  the  reflected  ray. 

CONCAVE  MIRRORS 

170.  Principal  Focus.  —  Let   us   begin    by  considering 


Fig.  131. — Concave  Mirror  and  Focus. 

what  happens  when  a  beam  of  parallel  rays  fall  upon  a  concave 
mirror,   each  ray  in  the  incident  beam  being  parallel  to  the 
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principal  axis  (Fig.  131).  We  shall  prove  that  all  the  reflected 
rays  pass  approximately  through  a  single  point  F  on  the 
principal  axis,  called  the  principal  focus,  and  that  this  point 
is  midway  between  the  mirror  and  its  centre  of  curvature. 

Let  ab  (Fig.  132)  be  any  ray  incident  upon  the  mirror  at  b 
and  parallel  to  its  principal  axis.      C  is  the  centre  of  curvature 


Fig.  132. 

of  the  mirror,  d  its  vertex,  and  Cd  the  principal  axis.  Join  ^C. 
This  is  the  normal  at  the  point  of  incidence,  and  the  angle  abC 
or  i  is  the  angle  of  incidence.  From  b  draw  bY ,  cutting  the 
principal  axis  at  F  and  making  with  the  normal  an  angle  CbY 
or  r  equal  to  the  angle  of  incidence  :  bY  is  the  reflected  ray. 

Now,  since  ba  and  dC  are  parallel  and  bC  meets  them,  the 
angles  i  and  x  are  equal.  But  i  =  r\  therefore  also  x  =  r. 
Thus  the  triangle  YbC  is  isosceles,  and  FC  =  Yb.  Now,  if  we 
assume  that  db  is  very  small  compared  with  the  radius  of 
curvature,  Yd  will  be  very  nearly  equal  to  Yb.  Thus  FC  =  F<tf 
approximately.  F  is  a  fixed  point  and  is  midway  between  the 
vertex  of  the  mirror  and  its  centre  of  curvature. 

F  is  called  the  principal  focus  of  the  mirror,  and  the  distance 
dY  (from  the  mirror  to  the  principal  focus)  is  called  the 
principal  focal  distance  or  focal  length  of  the  mirror. 
Clearly  the  focal  length  is  one-half  the  radius  of  curvature.  If 
we  denote  the  focal  length  by /and  the  radius  of  curvature  by 


Any  incident  ray  parallel  to  the  principal  axis  is  reflected  so 
as  to  pass  (approximately)  through  the  principal  focus  F. 
Conversely,  if  Yb  (Fig.  132)  were  an  incident  ray,  ba  would 
clearly  be  the  corresponding  reflected  ray.  Thus  any  incident 
ray  whose  path  passes  through  the  principal  focus  will,  after 
reflection,  be  parallel  to  the  principal  axis. 
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The  assumption  made  in  the  above  proof  is  equivalent  to  supposing  that 
the  angular  aperture  of  the  mirror  is  small,  or,  referring  to  Fig.  130,  that 
MM'  is  small  compared  with  dc.  We  shall  always  assume  that  this  is  the 
case  ;  and  shall  thus  be  able  to  obtain  simple  approximate  relations  which 
are  sufficiently  correct  for  most  practical  purposes.  The  student  should, 
however,  observe  carefully  at  what  stage  in  the  reasoning  the  approxima- 
tion conies  in. 

171.  Conjugate  Foci. — Let  P  (Fig.  133)  be  a  luminous 
point  on  the  principal  axis  of  a  concave  mirror.  We  wish  to 


Fig.  133. — Conjugate  Foci. 

find  what  becomes  of  the  light  from  P  after  it  has  been 
reflected  by  the  mirror. 

Let  PR  be  any  one  of  the  incident  rays.  Join  R  to  C,  the 
centre  of  curvature  of  the  mirror.  Draw  the  reflected  ray 
RP',  cutting  the  principal  axis  at  P',  and  making  with  the 
normal  RC  an  angle  r  equal  to  the  angle  of  incidence  /. 

In  the  triangle  RP'P  the  angle  at  R  is  bisected  by  the  line 
RC,  which  also  cuts  the  base  P'P  into  the  segments  P'C  and 
CP  :  hence  it  follows1  that  these  segments  are  to  one  another 
in  the  same  ratio  as  the  sides  P'R  and  PR  of  the  triangle,  or 

P'C:CP  =  P'R:PR. 

{Approximation.}  —  Now,  if  we  assume,  as  in  the  last 
article,  that  the  angular  aperture  of  the  mirror  is  very  small, 
or  that  R  is  very  near  to  M,  we  may  take  P'M  as  being  very 
nearly  equal  to  P'R,  and  PM  to  PR.  Thus  we  have,  ap- 
proximately, 

P'C:CP%  =  P'M:PM      .          .         .     (i). 

1  Euclid,  Bk.  VI. -'Prop.  III. — 'If  the  angle  of  a  triangle  be  divided  into  two 
equal  angles  by  a  straight  line  which  also  cuts  the  base,  the  segments  of  the  base  shall 
have  the  same  ratio  which  the  sides  of  the  triangle  have  to  one  another.' 
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Thus  the  distances  of  the  points  P  and  P'  from  the  centre 
of  the  mirror  arc  in  the  same  ratio  as  their  distances  from  the 
mirror  itself,  . 

Now  let  the  distance  PM  be  denoted  by/,  P'M  by/'  and 
CM  (the  radius  of  curvature  of  the  mirror)  by  r.  Then 

P;e  =  CM-MP'  =  r-/', 
and  CP  =  PM-MC=/-r. 

Introducing  these  symbols  into  the  proportion  (i),  we  get 


ie 
' 


.-.P(r-p'}=pr  (p-r\ 
or  pr  -  pp'  =pp'  -  p'r. 

Transposing,  and  then  dividing  by//V,  we  have 
/>+/>-  =2//', 

and  L  +  .^l        ....      (2). 

We  have  already  seen  that  the  focal  length  f  of  the  mirror 
is  equal  to  -.     Hence  -  =  -,  and  equation  (2)  becomes 


172.  This  is  the  fundamental  equation  for  mirrors,  and,  with 
proper  conventions  as  to  signs,  is  true  for  convex  as  well  as 
concave  mirrors. 

The  equation  shows  that  there  is  a  certain  relation  between 
the  distances  p  and  /',  i.e.  between  the  positions  of  the  points 
P  and  P'.  For  a  given  mirror  f  is  a  constant  quantity  : 
hence,  if  the  value  of/  is  given,  there  is  only  one  value  of  /' 
that  satisfies  equation  (3).  There  is  only  one  position  of  P' 
corresponding  to  any  given  position  of  P. 

We  started  by  supposing  that  PR  was  any  one  of  the 
incident  rays  from  P  :  the  result  shows  that  all  the  rays  from  P 
are  reflected  so  as  to  pass  through  a  focus  at  the  point  P'.  P' 
is  the  image  of  P  in  the  mirror. 
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Conversely,  if  P'  were  a  luminous  point,  P  would  be  its 
image.  For  we  may  reverse  the  paths  of  the  rays  :  an 
incident  ray  along  P'R  would  give  a  reflected  ray  along  RP. 
All  rays  diverging  from  P'  would  come  to  a  focus  at  P. 

The  points  P  and  P'  are  called  conjugate  foci. 

Conjtigate  foci  with  respect  to  a  mirror  are  points  so  related 
that  one  is  the  image  of  the  other  in  the  mirror. 

In  the  case  above  considered  the  foci  are  real,  for  the  rays 
of  light  actually  pass  through  the  points.  We  may  therefore 
say  that  real  conjugate  foci,  with  respect  to  a  mirror,  are  points 
so  related  that  rays  of  light  proceeding  from  the  one  are 
reflected  so  as  to  pass  through  the  other.  This  last  statement 
does  not  hold  good  in  cases  where  one  of  the  conjugate  foci 
is  "virtual;  i.e.  where  rays  of  light  appear  to  diverge  from  one 
of  the  points  but  do  not  actually  pass  through  it.  Images  in 
plane  mirrors  (Art.  161)  supply  instances  of  this  ;  and  others 
will  be  met  with  when  we  come  to  consider  convex  spherical 
mirrors.  Concave  mirrors  always  give  real  foci  excepting 
when  the  source  of  light  is  between  the  mirror  and  its 
^.principal  focus;  in  this  case  the  conjugate  focus  is 'behind 


Fig.  134. — Concave  Mirror:  Virtual  Focus. 

the  mirror  and  is  virtual,  as  shown  in  Fig.  134  where  F  is 
the  principal  focus  of  the  mirror,  S  the  source  of  light,  and  's 
the  conjugate  focus. 

Notice  that  parallel  rays  may  be  regarded    as  proceeding 
from  a  point  at   an    infinite  distance.      Now,  if  the  luminous 

point   P   is  very  far  off,  p  is  very  great  -and  -  is  very  small. 
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When/  is  infinitely  great  -  is  infinitely  small  or  =  o.      In  this 
case  equation  (3)  reduces  to 

l  =  i,and,./=/=r. 

Compare  this  result  with  Art.  170. 

173.  Rules  for  Optical  Calculations.  —  In  order  to 
avoid  confusion  as  to  plus  and  minus  signs,  or  positive  and 
negative  focal  distances,  beginners  will  find  it  well  to  follow 
strictly  some  such  rules  as  the  following,  and  to  use  the 
equations  for  conjugate  position  always  in  the  same  fonn. 

I.  All  distances  are  to  be  measured  from  the  mirror  (or 
lens)  ;    if  measured  towards   the  right   hand   they  are   to   be 
considered  positive  (  +  )  ;    if  towards  the  left  hand,  negative 

(-)• 

It  is  convenient  to  suppose  that  the  luminous   object,  or    • 
source  of  light,  is  always  placed  on  the  right  hand  of  the  mirror  :' 
its  distance  will  thus  always  be  positive.      This  is  equivalent  to  w 
saying  that  all  distances  measured  from  the  mirror  on  the  same 
side  as  the  object  or  source  of  light  are  to  be  regarded  as  posi- 
tive ;  and  all  distances  in  the  opposite  direction  as  negative. 

II.  The  equation 


holds  good  for  all  mirrors,  both  concave  and  convex,  f  denoting 
the  focal  length,  p  the  distance  of  the  object,  and  p'  the 
distance  of  the  image,  reckoned  from  the  mirror  itself. 

III.  Thefocal  length  of  a  concav^  rr»irrnr  is  pflsitiv«»'  This. 
will  be  reacfily~understood  on  looking  at  Fig.  131:  for  the 
beam  of  parallel  light  falls  upon  the  mirror  from  the  right 
hand  and  is  reflected  through  the  principal  focus  F,  which  is 
also  to  the  right  hand  of  the  mirror.  The  focal  length  of  a 
convex  mirror  is  negative  :  this  we  shall  consider  in  due  course,  i 

1  V.  Whenever  you  have  to  work  out  any  optical  calculation, 
begin  by  writing  down  the  proper  equation,  and  do  not  alter 
the  signs  of  the  letters  until  you  come  to  insert  their  values. 
Now  substitute  in  the  equation  the  numerical  values  of  the 
known  quantities,  eacJi  with  its  proper  sign.  When  any  two. 
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of  the  three  quantities  /  p,  and  p'  are  given,  the  third  can  be 
found  from  the  equation.  If  /and  p  are  given,  the  numerical 
value  of  p'  tells  you  how  far  the  image  is  from  the  mirror  :  if 
p'  is  positive,  the  image  is  formed  on  the  same  side  as  the  object 
(towards  the  right  hand  of  the  mirror,  or  in  front  of  it)  ;  but 
if  it  carries  the  minus  sign,  the  image  is  formed  on  the  opposite 
side  (towards  the  left  hand,  or  behind  the  mirror).  When  the 
distance  of  the  object  and  image  (p  and  /')  are  given,  the 
numerical  value  of  f  gives  you  the  focal  length  of  the  mirror, 
and  the  sign  of/  tells  you  whether  the  mirror  is  concave  (  +  ) 
or  convex  (  —  ).  A  geometrical  diagram  drawn  roughly  to 
scale  will  often  save  you  from  making  bad  mistakes. 

174.  Examples.  —  i.  Rays  of  light  diverging  from  a  point  3  ft.  in  front 
of  a  mirror  converge,  after  reflection,  to  a  point  i  ft.  in  front  of  the  mirror. 
Is  the  mirror  concave  or  convex,  and  what  is  its  focal  length  ? 

Here  p  —  3  ft.  ,  p'=i  ft.  ,  and  both  are  positive.     The  focal  length 
required  is  given  by  the  equation 


and  .•./=-  ft.  =9  in. 

The  focal   length  is  9  in.,   and,   since    it  is  positive,   the  mirror  is 

concave. 

2.  The  radius  of  curvature  of  a  concave  mirror  is  30  cm.  Rays  of 
light  diverge  from  a  point  60  cm.  in  front  of  it  :  to  what  point  will  they 
converge  after  reflection  ? 

The  focal  length  is  one-half  the  radius  of  curvature,  and,  as  the  mirror 

is  concave,  it  is  positive.      Thus  /=  15,  and/  =  60. 
Denoting  the  required  distance  of  the  point  from  the  mirror  by  /',  we 
have 

-=-+-, 
15     60    / 


_ 
60       60     20' 

Thus/'  =  20.     The  rays  converge  to  a  point  20  cm.  in  front  of  the 
mirror. 

175.   Images  produced  by  Concave  Mirrors.  —  Images 
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in  plane  mirrors  are  always  virtual.  Images 'produced  by 
concave  mirrors  may  be  either  real  or  virtual. 

In  discussing  the  formation  of  images  by  plane  mirrors 
we  followed  the  paths  of  two  rays  (a  normal  one  and  any 
other),  and  found  the  point  of  intersection  of  the  reflected 
rays.  This  was  shown  to  be  behind  the  mirror :  the  reflected 
rays  diverged  from  a  virtual  focus.  Following  a  similar  plan 
here  we  shall  be  able  to  find — by  geometrical  construction  and 
without  algebraical  calculation — the  nature  and  position  of 
the  images  formed  by  concave  mirrors. 

Among  the  many  rays  which  proceed  from  any  lumin'ous 
point  to  the  mirror,  there  are  three  whose  directions  after 
reflection  by  the  mirror  are  easily  followed. 

1 i )  Any  ray  whose  path  passes  through  the  centre  of  curva- 
ture falls  normally  upon  the  mirror,  and  is  therefore  reflected 
back  along  its  own  path. 

(2)  Any  ray  parallel  to  the  principal  axis  is  reflected  so  as 
to  pass  through  the  principal  focus. 

(3)  Any  ray  whose  path  passes  through  the  principal  focus  is 
reflected  back  parallel  to  the  principal  axis. 

If  we  wish  to  find  the  image  of  any  luminous  point,  we  need 
only  follow  out  the  directions  of  two  of  the  above-mentioned 
incident  rays  and  find  the  point  of  intersection  of  the  reflected 
rays  ;  this  is  the  image  of  the  luminous  point.  If  the  reflected 
rays  actually  intersect  at  this  point,  the  image  is  a  real  one  : 
if  they  have  to  be  produced  backwards  (behind  the  mirror) 
before  they  intersect,  the  image  is  a  virtual  one.  ^ 

176.  Real  Images. — Let  AB  (Fig.  135)  be  an  object  in 
front  of  a  concave  mirror  whose  focus  is  at  F  and  centre  of 
curvature  at  C.  We  shall  suppose  the  object  to  be  beyond  C, 
i.e.  at  a  distance  greater  than  2/  from  the  mirror. 

From  A  draw  the  ray  ACw  through  C.  This  is  reflected 
back  along  its  own  path.  The  image  of  A  lies  somewhere  on 
this  line  (which  is  the  secondary  axis  through  A).  Draw  also 
the  ray  A#  parallel  to  the  principal  axis  MC.  This  is  reflected 
so  as  to  pass  through  V.  The  image  of  A  lies  somewhere 
along  n¥  ;  it  must  therefore  be  situated  at  the  point  of  inter- 
section of  mC  and  ?/F. 

Produce  ;?F  to  cut  mC  at  a.     a  is  the  image  of  A.     If  A  were 
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a  luminous  point,  a  would  be  its  conjugate  focus  :  all  rays  diverg- 
ing from  A  appear,  after  reflection,  to  diverge  from  a.  An  eye 
placed  in  a  suitable  position  would  see  a  real  image  of  A  at  a. 
The  image  of  B  is  found  in  precisely  the  same  way  by 
drawing  the  rays  BC0  and  B^F.  These  intersect  at  b.  b  is 
the  image  of  B.  The  images  of  points  lying  between  A  and  B 
are  formed  at  corresponding  points  between  a  and  b.  ab  is  the 
image  of  AB. 

Images  of  this  kind  are  produced  by  the  bowls  of  spoons  (a  bright  silver 
dessert-spoon  is  best).  Hold  the  spoon  with  its  concave  surface  towards  a 
candle-flame  and  a  few  inches  from  it  :  looking  from  behind  the  candle 
towards  the  spoon  you  see  a  small  inverted  image  of  the  flame  just  in  front 
of  the  spoon.  Hold  the  spoon  between  yourself  and  the  light  :  you  see  a 
small  inverted  image  of  your  face.  As  the  bowl  of  the  spoon  is  not 
spherical  the  images  are,  of  course,  distorted. 

The  image  is  real.  Not  only  can  it  be  seen  by  an  eye 
placed  in  a  suitable  position,  but  it  can  be  thrown  upon  a 


Fig.  135. — Concave  Mirror:  Real  Image. 

screen  (see  Expt.  96).  In  Fig.  135  the  image  is  diminished  ox 
smaller  in  size  than  the  object  :  this  is  always  the  case  when 
the  object  is  beyond  the  centre  of  curvature  (C). 

Observe  that  in  all  cases  where  a  realHTnage  is  formed,  the 
image  and  object  may  change  places.  Thus~lf  ab  (Fig.  135) 
were  a  luminous  object,  AB  would  be  its  image.  For  the  paths 
of  any  of  the  rays  may  be  reversed,  an  incident  ray  a¥n  giving 
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a  reflected  ray  «A,  and  so  on.  The  image  thus  produced  would 
be  enlarged  or  magnified  :  this  is  always  the  case  when  the 
object  is  between  C  and  F.  (The  student  should  draw  the 
diagram  for  this  case,  using  the  construction  given  above.) 

The  object  and  its  real  image  are  formed  on  opposite 
sides  of  C  :  and,  since  the  rays  which  pass  through  C  cross 
each  other  at  this  point,  the  real  image  is  always  inverted. 

We  have  thus  arrived  at  the  following  results  :  — 

When  the  object  is  situated  beyond  C  (the  centre  of 
curvature),  the  image  is  formed  between  C  and  F,  and  is 
real,  inverted,  and  diminished. 

When  the  object  is  situated  between  C  and  F,  the  image  is 
formed  beyond  C,  and  is  real,  inverted,  and  enlarged. 

177.  Relative  Sizes  of  Image  and  Object.  —  In  order 
to  simplify  matters,  we  now  take  one  -half  of  the  preceding 
figure.  AB  (Fig.  136)  is  our  object,  and  is  perpendicular  to  the 
principal  axis  of  the  mirror.  The  image  of  A  is  at  «,  the 
position  of  which  is  found  as  in  the  last  article.  The  image  is 
completed  by  drawing  ab  perpendicular  to  the  principal  axis 
(the  image  of  B  being  at  b  on  this  axis). 

The  triangles  abC  and  ABC  are  similar  :  for  the  opposite 
angles  at  C  are  equal  and  the  angles  at  b  and  B  are  right 
angles.  '  Hence  *  the  sides  about  these  angles  are  proportionals, 


AB~CB      '  '  ' 

* 

or,  the  relative  sizes  of  image  and  object  are  as  their  respective 
distances  from  the  centre  of  curvature  of  the  mirror. 

From  this  it  follows  at  once  that  the  relative  sizes  are  as  the 
distances  from  the  mirror  itself.  'For  b  is  the  conjugate  focus 
of  B,  and  in  Art.  171  we  saw  tr^t  the  distances  of  two  conjugate 
points  from  the  centre  of  curvature  are  proportional  to  their 
distances  from  the  mirror  itsel£  Thus 


= 
PC    BM' 

ab       M6 


1  Euclid,  Hk.  VI.  Prop.  IV.  —  '  The  sides  about  the  equal  angles  of  equiangular 
triangles  are  proportionals.'         | 

0 
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Thus  the  relative  sizes  of  image  and  object  are  as  their 
respective  distances  from  the  mirror. 


Fig.  136.  —  Relative  Sizes  of  Image  and  Object.' 

If  we  denote  the  sizes  of  image  and  object  by  I  and  O,  and 
their  respective  distances  from  the  mirror  by  p'  and  /,  this 
relation  may  be  written  in  the  form 


and  should  be  carefully  remembered.  It  is  true  for  all  images, 
real  or  virtual,  formed  by  spherical  mirrors,  and  the  student 
should  follow  out  the  proof  for  himself  as  we  come  to  each 

special  case.     The  ratio  (  -J  between  the  sizes  of  image  and 

^  object  is  called  the  magnification.  It  should  be  noticed  that 
the  word  *  size  '  here  refers  to  linear  dimensions  (length  or 
breadth)  and  not  to  area. 

When  the  image  and  object  are  at  equal  distances  from  the 
mirror  they  are  equal  in  size.  This  happens  when  the  object 
is  situated  at  the  centre  of  curvature  of  the  mirror  (in  which 
case  p'  —p  =•  r). 

It  will  be  well  to  anticipate  here  to  the  extent  of  pointing  out  to  the 
student  that  when  he  comes  to  consider  the  formation  of  images  by  lenses 
he  will  be  able  to  see  at  once  from  the  diagram  that  the  relative  sizes  of 
image  and  object  are  as  their  respective  distances  from  the  lens.  This  is 
not  so  in  the  case  of  mirrors.  What  is  seen  directly  from  the  diagram  is 
that  the  relative  sizes  of  image  and  object  are»as  their  respective  distance's 
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from  the  centre  of  curvature  of  the  mirror.  There  is  a  distinct  step  in 
the  reasoning  between  equation  (4)  and  equation  (5),  and  he  should  pay 
attention  to  it. 

This  step  may  also  be  made  as  follows  :—  In  equation  (4) 


and  BC  =  BM  -  MC  =/  -  r 

where  r  is  the  radius  of  curvature  of  the  mirror  and  the  other  letters  have 
the  same  meaning  as  above. 

Thus  the  equation  may  be  written  in  the  form 

£•#  .....  «»• 

Now  we  have  already  shown  in  Art.  171  that 


or,  multiplying  \>y  pp'r, 

p'r+pr=2pp'. 

Rearranging  the  terms  we  get 

pr-pp'=pp'-p'r, 
p(r-p'}=p'  (p-r), 


-  (7) 

-p  (7)' 

Comparing  this  with  equation  (6)  we  see  that  it  at  once  follows  that 
1  =  / 

o    /' 

or  the  sizes  of  image  and  object  are  directly  proportional  to  their  respective 
distances  from  the  mirror  itself. 

178.  Virtual  Images.  —  We  have  yet  to  find  what  sort  of 
an  image  is  produced  when  the  object  is  situated  between  the 
mirror  and  its  principal  focus. 

Let  AB  (Fig.  137)  be  the  object.  From  A  draw  the  ray 
parallel  to  the  principal  axis  and  reflected  from  the  mirror 
through  F.  Join  CA  and  produce  it  to  meet  the  mirror  nor- 
mally. These  two  reflected  rays  do  not  intersect  in  front  of 
the  mirror,  but  if  produced  backwards  (as  shown  by  the  dotted 
lines)  they  meet  at  a.  To  an  observer  looking  at  the  mirror 
all  the  reflected  rays  which  originally  came  from  A  would 
appear  to  proceed  from  a  virtual  focus  at  a.  a  is  the  virtual 
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image  of  A.  In  the  same  way  b  is  the  image  of  B.  ab  is  the 
virtual  image  of  AB  :  such  an  image  cannot  be  caught  on  a 
screen,  as  a  real  image  can. 


Fig.  137. — Virtual  Image  in  Concave  Mirror. 

Thus  when  an  object  is  situated  between  a  concave  mirror 
and  its  principal  focus,  the  image  produced  is  virtual,  erect, 
and  enlarged. 

'  179.  Experimental  Illustrations. — The  student  should 
perform  the  following  experiments  with  a  concave  mirror,  and 
then  proceed  to  measure  its  focal  length  carefully  by  the 
methods  described  in  Art.  180.  The  exact  size  and  curvature 
of  the  mirror  used  is  not  of  importance,  but  one  having  a 
focal  length  of  about  I  foot  or  30  cm.  will  be  found  convenient. 
When  nothing  better  is  obtainable  a  concave  mirror  can  be 
made  by  silvering  or  blackening  the  convex  surface  of  a  clock- 
glass  or  watch-|las|^  ^^  .../> 

;  J :  EXPT.  95. — Watch  your  chance  when  the  sun  is  shining, 
and  fix  the  mirror  so  that  it  faces  the  sun  (the  axis  of  the 
mirror  pointing  towards  it).  Move  a  small  piece  of  white 
paper  or  cardboard  backwards  and  forwards  in  front  of  the 
mirror  until  you  find  the  position  in  which  a  sharp  image  of 
the  sun  is  thrown  on  it.  The  image  is  formed  at  the  principal 
focus.  Measure  the  distance  from  the  image  to  the  mirror ; 
this  is  the  focal  length. 
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Hold  your  hand  so  that  the  image  is  formed  on  the  back 
of  it ;  the  spot  is  uncomfortably  hot.  Not  only  the  light,  but 
also  the  heat-radiation  from  the  sun,  is  concentrated  at  this 
point  ;  hence  the  term/oats,  which  literally  means  a  hearth  or 
fireplace.  If  the  sun  is  shining  brightly,  paper  and  chips  of 
wood  placed  at  the  focus  can  be  set  on  fire. 

EXPT.  96 — Take  the  mirror  into  a  darkened  room.  At 
one  end  of  the  room  place  a  lighted  candle  ;  at  the  other  end 
place  the  mirror,  facing  the  candle  and  at  the  same  height  as 
it.  Find  the  position  of  the  image  by  catching  it  on  a  small 
screen,  as  in  the  last  experiment ;  if  the'  screen  cuts  off  too 
much  of  the  candle-light,  tilt  the  mirror  so  that  the  image  is 
thrown  slightly  to  one  side. 

The  image  is  real,  inverted,  and  smaller  than  the  flame 
itself.  Measure  the  distance  from  the  mirror  to  the  image  and 
compare  it  with  the  distance  found  in  the  last  experiment.  If 
the  candle  is  far  enough  off  (20  ft.  or  more),  the- image  is 
formed  very  nearly  at  the  principal  focus. 

Lower  the  candle :  the  image  rises.  Raise  the  candle : 
the  image  is  depressed.  (See  Fig.  135,  which  shows  that  the 
image  of  a  point  A  lies  on  the  secondary  axis  AC?;/.) 

EXPT.  97. — Move  the  candle  up  towards  the  mirror.  The 
image  advances  to, meet  it  and  increases  in  size  ;  but  remains 
real,  inverted,  and  smaller  than  the  object. 

When  the  candle  is  at  the  centre  of  curvature  of  the  mirror 
the  image  is  formed  at  the  same  distance  in  front  of  the  mirror 
(coincident  with  the  object).  In  order  to  see  this  image  you 
should  tilt  the  mirror  to  one  side,  so  that  the  image  can  be 
thrown  on  a  screen  placed  just  at  the  side  of  the  candle.  The 
image  is  real,  inverted,  and  equal  in  size  to  the  object. 

Now  move  the  candle  nearer  to  the  mirror.  The  image 
moves  farther  and  farther  away,  and  is  real,  inverted,  and 
enlarged.  Observe  that  in  all  the  above  cases  the  object  and 
its  real  image  may  change  places  :  test  this  by  marking  the 
positions  of  the  candle  and  screen  and  interchanging  them. 

When  the  candle  is  at  the  principal  focus  the  image  is 
formed  at  an  infinite  distance.  The  reflected  rays  form  a 
parallel  beam  ;  this  is  the  way  in  which  concave  reflectors  are 
used  in  lighthouses  and  '  search-lights 3  (projectors). 
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When  the  candle  is  still  nearer  the  mirror  (i.e.  between  the 
mirror  and  its  focus)  the  reflected  rays  diverge  from  virtual 
foci  behind  the  mirror  :  no  real  image  is  formed,  but  on  looking 
into  the  mirror  you  see  a  virtual,  erect,  and  magnified  image 
of  the  flame. 

ISO.  Methods  of  Finding  Focal  Length.  —  The  focal 
length  of  a  concave  mirror  can  be  measured  by  any  of  the 
following  methods  :  — 

I.  By  allowing  a  beam  of  parallel  rays  to  fall  on  the  mirror. 
Rays  from  any  very  distant  object,  such  as  the  sun,  can  be  used  : 
an  image  of  the  object  is  formed  at  the  principal  focus.     This 
method  has  been   described    in    Expt.   95  :    although  it  may 
appear  the  simplest,  it  is  not  the  best  or  the  most  convenient. 

II.  Throw  a  real  image  of  a  candle-flame  on  a  screen  by 
means  of  the  mirror.       Measure  the  distance  (p)  from  the 
mirror  to  the  candle,  also  the  distance  (pr)  from  the  mirror  to 
the  screen.     The  focal  length  (/)  can  then  be  calculated  from 
the  equation 

i      i       i 


The  apparatus  used  (optical  bench,  etc.)  is  described  on 
PP.  !93)  J94-  (See  also  Fig.  139.)  The  screen  on  which  the 
image  is  thrown  may  be  of  white  cardboard  or  of  paper  stretched 
on  a  suitable  frame  :  a  sheet  of  tin-plate  turned  over  along  the 
edges  (so  as  to  stiffen  it)  and  painted  white  also  does  well. 
The  screen  should  be  moved  backwards  and  forwards  until  the 
image  thrown  on  it  is  as  bright  and  sharp  as  possible.  This 
operation  is  called  focussing,  and  should  be  carefully  per- 
formed. 

Make  several  measurements,  placing  the  object  at  different 
distances  and  using  both  enlarged  and  diminished  images. 
Calculate  (as  in  Ex.  i,  Art.  174)  the  value  of/  corresponding 
to  each  pair  of  values  of  p  and  p'  obtained  :  take  the  mean  of 
these  as  representing  the  true  focal  length  and  enter  up  your 
results  as  follows  :  — 
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Distance  from  Mirror 
to  Object  (/). 

Distance  from  Mirror 
to  Image  (/'). 

Calculated  Value  of 
Focal  Length  (/). 

40  cm. 

45     .. 
62     ,, 

66  cm. 
60     „ 
43     .. 

24-9  cm. 
25-7    ., 
25-4    r, 

Mean  Value  of  f        .         25-3  cm. 

III.  When  an  object  is  placed  at  the  centre  of  curvature  of 
a  mirror,  the  image  coincides  in  position  with  it.  Thus  if  the 
object  is  a  luminous 
point  at  c  (Fig.  1 38),  all 
rays  diverging  from  it 
fall  normally  on  the 
mirror,  and  are,  there- 
fore, reflected  back 
along  their  own  paths 
to  c.  The  image  is  a 
luminous  point  coin- 
cident with  the  object. 
The  distance  dc  is  the 
radius  of  curvature  of 

the  mirror,  and  is  therefore  twice  the  focal  length.  This 
method  of  finding  the  focal  length  of  a  mirror  is  simple  and 
accurate,  and  can  be  carried  out  as  follows  : — 

Take  a  piece  of  cardboard  about  4  in.  square,  and  in  the 
centre  of  it  cut  out  with  a  cork-borer  a  hole  about  J  in.  in 
diameter  :  across  the  hole  stretch  two  hairs  or  black  threads 
at  right  angles.  This  is  to  be  our  object  or  source  of  light.1 
Mount  the  cardboard  screen  on  one  of  the  uprights  of  the 
optical  bench  so  that  the  hole  is  at  the  same  height  as  the 
centre  of  the  mirror.  Illuminate  the  hole  and  cross-threads 
strongly  by  placing  an  Argand  burner  behind  (i.e.  on  the  side 
farther  from  the  mirror.  See  Fig.  1 39).  The  light  proceed- 
ing from  the  hole  is  reflected  by  the  mirror  to  a  real  focus 

1  A  hole  provided  with  cross-threads  is  a  very  convenient  source  of  light  for  most 
experiments  with  mirrors  and  lenses.  It  admits  of  more  accurate  focussing  than  a 
candle  or  gas-flame  because  it  all  lies  in  one  plane.  The  cross-threads  help  to  secure 
good  definition  and  also  prevent  any.possibility  of  mistakes  arising  through  focussing 
the  flame  behind  the  hole  instead  of  the  hole  itself. 


232 


LIGHT 


CH.   V 


(provided  the  mirror  is  not  too  near).  This  focus  may  be  in 
front  of  the  screen  or  behind  it.  You  have  now  to  find  by 
trial  a  position  of  the  mirror  such  that  this  focus  is  on  the 
screen  itself. 


Fig.  139. — Focal  Length  by  Method  of  Coincidence. 

You  see  on  the  screen  a  blurred  spot  of  light.  Adjust  the 
mirror  so  that  this  spot  falls  just  by  the  side  of  the  hole. 
Move  the  mirror  backwards  or  forwards  until  the  spot  of  light 
becomes  a  sharp  bright  image  of  the  hole,  with  the  cross- 
threads  well  defined.  Both  the  hole  and  its  image  are  now 
(allowing  for  the  slight  tilt)  at  the  centre  of  curvature  of  the 
mirror.  Measure  the  distance  from  the  mirror  to  the  screen. 
This  is  the  radius  of  curvature  of  the  mirror :  one-half  of  it  is 
the  focal  length. 

[For  methods  of  finding  focal  lengths  of  convex  mirrors  see 
Art.  185.] 
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181.  Table  of  Results. — After  performing  the  above 
experiments  the  student  should  find  for  himself  the  position  of 
the  image  for  any  given  position  of  the  object,  using  both  the 
algebraical  equations  and  geometrical  diagrams.  He  should 
also  find  the  nature  of  the  image  produced  and  again  verify 
his  results  by  experiment. 

In  the  following  table  C  denotes  the  centre  of  curvature  of 
the  mirror,  F  its  principal  focus,  and  M  the  mirror  itself : — 


POSITION  OF  OBJECT. 

POSITION  OF  IMAGE. 

CHARACTERISTICS  OF  IMAGE. 

At  infinity  . 

At  F  . 

Real,  inverted,  diminished. 

Beyond  C    . 

Between  F  and  C 

Real,  inverted,  diminished. 

At  C  . 

At  C  . 

Real,  inverted,  equal  in  size. 

Between  C  and  F 

Beyond  C    . 

Real,  inverted,  enlarged. 

Between  F  and  M 

Behind  M    . 

Virtual,  erect,  enlarged. 

182.  Examples. — i.  A  candle-flame  i  in.  long  is  36  cm.  in  front  of 
a  concave  mirror  whose  focal  length  is  30  cm.  Find  the  nature,  position, 
and  size  of  the  image. 

Here  ^=36,  /=3O  ;    and  both  are  positive.      The  value  of  p'  (the 
distance  of  the  image  from  the  mirror)  is  given  by  the  equation 

7=7 +/' 

Substituting  the  above  values  we  have 
i  _  i      i 
30  "36    /' 
ill 


180       180' 


and 


234  LIGHT  CH.  v 


The  distance  of  the  image  from  the  mirror  is  180  cm.  Since  p'  is 
positive,  the  image  is  formed  in  front  of  the  mirror,  and  is  real  and 
inverted.  (Verify  this  by  sketching  the  diagram.  ) 

The  relative  sizes  of  image  and  object  are  given  by  the  equation 


=-     (seep.  226). 


Hence 


The  image  is  five  times  as  large  as  the  object,  and  is  5  in.  long. 

2.   The  candle-flame  is  placed  at  a  distance  of  15  cm.  from  the  same 
mirror.     What  sort  of  an  image  is  now  produced,  and  what  is  its  size  ? 

As  before,  we  have 


iii  i 

and  .'.  —.  =  ---  =  --  . 

P      30     15         30 

Hence  p'  =  —30  cm.     This  means  that  the  image  is  formed  30  cm. 

behind  the  mirror,  and  is  virtual  and  erect. 
The  distances  of  the  image  and  object  from  the  mirror  are  as  30  to 

15,  or  as  2  to  i.     The  image  is,  therefore,  twice  the  size  of  the 

object,  or  is  2  in.  long. 

3.  You  are  required  to  throw  upon  a  wall  an  image  of  a  gas-flame 
which  stands  8  ft.  from  the  wall,  and  the  image  is  to  be  three  times  the 
size  of  the  flame.  What  sort  of  a  mirror  would  you  choose,  and  where 
would  you  hold  it  ? 

Suppose  the  mirror  to  be  placed  x  feet  from  the  object  on  the  side 
farther  from  the  wall;  it  will  then  be  (B  +  x)  ft.  from  the  wall 
on  which  the  image  is  to  be  thrown.  Our  distances  now  are 


Further,  since  the  image  is  to  be  three  times  the  size  of  the  object,  we 
must  have  p1  =  3^,  or 

(8-f  #)  =  3  x  x,      and  .'.  x  =  q. 
Thus  =  4.     X 


i      i       i       i 
and  -=-+—=-, 

/     4     I2     3 

f=  +  3.  This  means  that  the  mirror  required  is  a  concave  mirror 
of  3  ft.  focal  length.  We  have  already  found  that  x  =  ^;  thus 
the  mirror  must  be  held  4  ft.  from  the  gas-flame,  or  12  ft.  from 
the  wall. 

[Observe  that  the  distances  of  image  and  object  from  the  mirror  bear 
the  right  ratio  to  one  another,  being  as  12  to  4  or  3  to  i.  Check 
your  results  in  this  way  whenever  you  can.] 
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4.   At  what  distance  from  a  concave  mirror  must  an  object  be  placed 
so  that  its  image  shall  be  magnified  n  times  ? 

The  distance  will  depend  upon  the  focal  length  of  the  mirror.  Let 
this  be  denoted  by/ and  let  p  and/'  denote  as  usual  the  respective 
distances  of  object  and  image  from  the  mirror.  Since  the  image 
is  to  be  n  times  the  size  of  the  object,  its  distance  from  the  mirror 
must  be  n  times  as  great,  or  p'  =  np  (numerically). 

It  must,  however,  be  pointed  out  that  in  stating  the  relation, 


in  Art.  177,  we  took  no  notice  of  the  signs  of  the  quantities  p 
and/'.  When  the  image  is  real  (as  in  Fig.  135)  both  /  and  /' 
are  positive  and  p'  =  np.  When  the  image  is  virtual  (as  in  Fig. 
137)  /'  is  negative,  and  therefore /'=  —  np. 

Thus  there  are  two  solutions  : — 

(i).   Image  real. 

Inserting  in  the  equation 


the  value  p'  =  np,  we  get 

i _  i      i  _ 
f~~p     np~    np 

and  .'.  np=(n  +  i)f    or    /= •/ 

which  gives  the  required  distance  in  terms  of  the  focal  length  of 
the  mirror. 

(2).    Image  virtual. 

Inserting  in  the  same  equation  the  value  p'  =  -  np,  we  get 

i       i       i       n  —  i 
f~~p     np~    np 

and  .\np  =  (n-1L)f    or    /  =  ——./. 

CONVEX  MIRRORS 

183.  Focal  Length  Negative. — Suppose  a  beam  of 
parallel  rays  to  fall  upon  a  convex  mirror,  each  ray  in  the 
incident  beam  being  parallel  to  the  principal  axis  of  the  mirror 
(CM,  Fig.  140).  Let  PR  be  any  one  of  the  incident  rays. 
Draw  the  normal  CR  and  produce  it.  The  ray  PR  is  re- 
flected along  RP',  making  with  the  normal  an  angle  equal  to 
the  angle  of  incidence. 
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Produce  P'R  backwards  (behind  the  mirror  as  shown  by 
the  dotted  line)  to  cut  the  axis  at  F.  As  in  the  case  of 
concave  mirrors,  Art.  170,  it  can  be  proved  that  F  is  (approxi- 
mately) midway  between  C  and  M.  F  is  the  principal 
focus  of  the  mirror.  All  incident  rays  parallel  to  the  principal 
axis  appear  after  reflection  to  diverge  from  F. 


Fig.  140. — Convex  Mirror  and  Principal  Focus. 

MF  is  the  focal  length  of  the  mirror  and  is  one-half  the 
radius  of  curvature  (CM).  Observe  that  F  lies  behind  the 
mirror.  The  incident  light  comes  from  the  right  hand,  the 
principal  focus  is  on  the  left  hand  ^Qi  the  mirror.  Hence, 
according  to  our  rules  for  signs  (Art.  173,  Rule  I.),  the  focal 
length  of  a  convex  mirror  is  negative. 

184.  Virtual  Images. — An  incident  beam  of  parallel 
rays  falling  upon  a  convex  mirror  is  converted  into  a  divergent 
beam.  If  the  incident  beam  is  already  divergent,  the  diver- 
gence is  increased  by  reflection  from  the  mirror.  Hence 
convex  mirrors  cannot  give  rise  to  real  images. 

Let  AB  (Fig.  141)  be  an  object  in  front  of  a  convex  mirror. 
Through  A  draw  A«  parallel  to  the  principal  axis  MC  :  the 
incident  ray  A«  is  reflected  along  nr.  so  that  it  appears  to 
come  from  the  focus  F,  Join  AC  :  the  incident  ray  A.m  is 
reflected  back  along  its  own  path.  The  two  reflected  rays  do 
not  intersect  in  front  of  the  mirror,  but  the  dotted  lines  Yn 
and  Cm  intersect  at  a.  To  an  observer  looking  at  the  mirror 
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all  rays  proceeding  from  A  appear,  after  reflection,  to  proceed 
from  a.     a  is  the  virtual  image  of  A. 

Similarly  b  is  the  image  of  B.  ab  is  the  virtual  image  of 
the  object  AB.  The  image  is  erect ;  for  image  and  object  are 
on  the  same  side  of  C,  and  hence  the  lines  AC  and  BC  do  not 
cross  each  other  between  the  object  and  image  (see  Art.  176). 
The  image  is  smaller  than  the  object :  for  their  relative  sizes 


Fig.  141. — Virtual  Image  in  Convex  Mirror. 

are  as  their  respective  distances  from  C,  and  the  image  always 
lies  between  C  and  the  object.  (It  really  lies  always  between 
F  and  M.) 

Thus  images  produced  by  convex  mirrors  are  always  virtual^  ( 
erect,  arid  diminished. 

Such  images  can  be  seen  in  the  convex  surfaces  of  spoons, 
tea-pots,  the  silvered  glass  balls  used  as  ornaments,  etc.  A 
fairly  good  convex  mirror  can  be  made  by  blackening  or 
silvering  the  concave  surface  of  a  watch-glass  or  clock-glass. 

Example. — An  object  3  inches  in  length  is  held  6  inches  in  front  of  a 
convex  mirror  whose  radius  of  curvature  is  2  feet.  Find  the  position  and 
size  of  the  image. 

The  focal  length  is  one-half  the  radius  of  curvature,  and  is  therefore  i 
foot  or  12  inches.  But,  since  the  mirror  is  convex,  its  focal  length 
is  negative.  Thus 

/=  -12,  and/=  +6. 
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The  distance  of  the  image  from  the  mirror  is  given  by  the  equation 
i  _i      i 

~  I2~6+/' 

1-  _JL    £=  _A 

p'  12       6  12* 

and  p'  —  -  4. 

Thus  the  image  is  virtual  and  is  formed  4  inches  behind  the  mirror. 
The  relative  sizes  of  image  and  object  are  as  their  distances  from  the 

mirror,  i.e,  as  4  to  6,  or  2  to  3.      The  image  is  therefore  2  inches 

long. 

185.  Measurement  of  Focal  Length. — This  is  not  quite  such  a 
simple  matter  as  in  the  case  of  concave  mirrors.  The  following  is  little 
more  than  an  indication  of  a  method  and  cannot  be  recommended  as 
capable  of  giving  accurate  results  in  practice  : — 

Suppose  the  face  of  the  mirror  to  be  blackened  over  with  lamp-black, 

or  covered  with  black  paper, 
excepting  at  two  points  Q 
and  Q'  (Fig.  142)  equi- 
distant from  the  centre  or 
pole  M  of  the  mirror  and 
not  far  from  it.  Now  let 
parallel  light  (e.g.  the  sun's 
rays)  fall  upon  the  mirror 
in  the  direction  of  its  axis. 
Consider  the  rays  PQ,  P'Q'. 
They  will  be  reflected  as 
divergent  rays  appearing  to 
come  from  the  focus  F. 
If  a  screen  be  placed  in 
front  of  the  mirror  so  as 
just  to  intercept  the  reflected 
rays  there  will  be  seen  upon 

it  two  bright  spots  S  and  S'  and  the  distance  between  these  increases 
when  the  screen  is  moved  further  away  from  the  mirror.  Adjust  the 
position  of  the  screen  so  that  SS'  is  just  double  of  QQ'.  Then  it  easily 
follows  from  the  geometry  of  the  figure  that  FN  =  NR.  But  if  Q  and 
Q'  are  both  near  to  M  the  distance  NM  is  very  small  and  may  be 
neglected.  Thus  FM  =  MR  approximately,  or  the  focal  length  is  equal 
to  the  distance  between  the  mirror  and  the  screen. 


Fig.  142. 


EXAMPLES  ON  CHAPTER  V 

Read  carefully  the  rules  given  in  Art.  172  and  observe  how  these  are 
applied  in  the  solved  examples  in  Arts.  173-183.  Draw  diagrams  roughly 
to  scale  for  the  purpose  of  guiding  and  checking  your  algebraical  work. 
When  you  are  about  to  substitute  the  numerical  value  for  any  symbol  in 
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an  equation,  be  careful  to  give  it  the  right  sign  ( +  or  -  ).  Want  of 
attention  to  this  point  is  the  commonest  cause  of  errors  and  incorrect 
answers. 

Remember  that — 

The  focal  length  of  a  concave  mirror  is  positive. 

The  focal  length  of  a  convex  mirror  is  negative. 

When/'  is  found  to  be  positive,  the  image  is  formed  oi>the  same  side 
of  the  mirror  as  the  object,  and  is  real ;  when  p'  is  negative  the  image  is 
formed  on  the  opposite  side  of  the  mirror  and  is  virtual. 

The  size  of  the  image  is  to  that  of  the  object  as/'  is  to/.  But  if  the 
image  is  virtual,  /'  is  negative  :  if  it  is  real,  /'  is  positive.  You  should 
bear  this  in  mind  when  you  are  given  the  relative  sizes  of  image  and  object 
(i.e.  the  magnification)  and  are  asked  to  find  their  respective  positions. 
In  the  case  of  a  concave  mirror  there  are  two  solutions  to  such  a  problem  ; 
one  corresponding  to  the  virtual  and  the  other  to  the  real  image  (See 
Ex.  4,  p.  235). 

1.  What  is  meant  by  an  image  of  -an  object  ?     Why  are  some  images 
called  real,  and  others  virtual?     Explain  and  illustrate  by  a  sketch  the 
formation  of  an  image  of  each  kind  by  a  concave  mirror. 

2.  How  would  you  render  visible  an  image  of  the  sun  formed  by  a 
concave  spherical  mirror  ?     Is  the  image  real  or  virtual  ? 

3.  The  radius  of  curvature  of  a  concave  mirror  is  2  feet  :.what  is  its 
focal  length  ?     What  would  be  the  position  of  the  image  of  a  point  4  feet 
in  front  of  this  mirror  ? 

4.  Find  the  position  of  the  image  of  a  point  4  inches  in  front  of  the 
same  mirror. 

5.  An  object  is  placed  120  cm.  in  front  of  a  mirror,  and  a  real  image  is 
formed  40  cm.  from  the  mirror  and  on  the  same  side  of  it.     What  is  the 
focal  length  of  the  mirror,  and  is  it  concave  or  convex  ? 

»  6.  The  radius  of  curvature  of  a  concave  mirror  is  60  cm.  A  small 
source  of  light  is  placed  at  the  following  distances  in  front  of  it  : 
120  cm.,  60  cm.,  30  cm.,  and  20  cm.  Discuss  the  behaviour  of  the 
reflected  beam  in  each  case. 

7.  A  candle-flame  i  inch  long  is  18  inches  in  front  of  a  concave  mirror 
whose  focal  length  is  15  inches.      Find  the  position  and  size  of  the  image. 

8.  Rays  from  a  luminous  point  20  cm.  in  front  of  a  mirror  are  found, 
after  reflection,  to  converge  to  a  point  30  cm.  in  front  of  the  mirror.      Find 
the  nature  and  focal  length  of  the  mirror. 

9.  An  object  i  inch  long  is  placed  at  a  distance  of  i  foot  from  a  concave 
mirror  of  9  inches  focal  length.     Where  is  the  image  formed  and  what  is 
its  size  ? 

10.  A  bright  object,  4  inches  high,  is  placed  on  the  principal  axis  of  a 
concave   spherical   mirror,    at   a   distance   of  15   inches   from  the  mirror. 
Determine  the  position  and  size  of  its  image,  the  focal  length  of  the  mirror 
being  6  inches. 

11.  A  gas-jet  is  placed  on  the  principal  axis  of  a  concave  mirror  and  i 
foot  in  front  of  it.     A  real  and  inverted  image  is  produced  on  a  screen  held 
in  front  of  the  mirror,  but  at  a  greater  distance  than  the  gas-jet.      If  the 
image  is  twice  as  long  as  the  flame,  what  is  the  focal  length  of  the  mirror  ? 
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12.  Draw  accurately  the  paths  of  four  rays,  two  proceeding  from  each 
end  of  an  object  2  inches  high,   placed  symmetrically  on  the  axis  of  a 
concave  mirror  of  4  inches  focus  at  a  distance  of  6  inches  from  it ;  and 
thus  obtain  the  height  and  position  of  the  image. 

13.  A  real  image  produced  by  a  concave  mirror  is  found  to  be  twice  the 
size  of  the  object  :    if  the  focal  length  of  the  mirror  is  i  foot,  where  are  the 
object  and  image  situated  ?     What  would  be  the  relation  between  their  sizes 
if  their  positions  were  reversed  ? 

14.  An  object  6  cm.   in  .length  is  placed  at  a  distance  of  30  cm.   in 
front  of  a  concave   mirror  of    12   cm.   focal    length.       Find    the   nature, 
position,  and  size  of  the  image. 

15.  An  object   2  cm.   high  is  placed  i   metre  away  from  a  spherical 
concave  mirror  of  23  cm.  radius  of  curvature.     Calculate  the  height  of  the 
image.     Will  it  be  real  or  virtual? 

1 6.  Prove  that  when  an  object  is  at  a  distance   -   from  a  concave 

mirror  of  focal  length  /,  the  image  produced   is  erect  and  virtual,  and 
"  magnified  three  times. 

17.  You  wish  to  throw  upon  a  wall  a  real  image  of  a  gas-flame,  2  feet 
distant  from  it,  by  means  of  a  mirror.      What  kind  of  mirror  would  you. 
use,  what  should  be  its  focal  length,  and  where  would  you  place  it  ? 

1 8.  An  object  is  placed  5  inches  from  a  concave  mirror  of  6  inches  focal 
length  :  where  is  the  image  produced,  and  what  is  the  magnification  ? 

19.  A  'concave   mirror  of  2   feet  focal  length  is  placed  i  foot  from  an 
object  :  find  the  change  in  the  position  of  the  image  produced  by  moving 
the  object  i  inch  nearer  the  mirror. 

20.  Prove  that  the  focal  length  of  a  convex  spherical  mirror  is  equal  to 
half  its  radius  of  curvature.      (Apply  the  method  of  Art.  170  to  Fig.  140.) 

21.  An  object  3  inches  long  is  held  6  inches  in  front  of  a  convex  mirror 
whose  radius  of  curvature  is  2  feet.     Find  the  nature,  position,  and  magni- 
tude of  the  image. 

Where  will  the  image  be  produced  when  the  object  is  held  2  feet  in  front 
of  the  same  mirror,  and  what  will  be  its  size  ? 

22.  An  object  4  cm.  long  is  placed  at  a  distance  of  10  cm.  from  a 
convex  mirror  of  30  cm.  focal  length.      Find  the  position  and  size  of  the 
image. 

23.  An  object  is  held  in  front  of  a  convex  mirror  at  a  distance  equal  to 
its  focal  length  :  prove  that  the  size  of  the  image  is  one-half  that  of  the 
object. 


CHAPTER   VI 
REFRACTION  OF  LIGHT 

186.  Simple  Experiments  on  Befraction. — We  have 
hitherto  considered  only  the  behaviour  of  light  as  it  travels 
through  a  homogeneous  medium  (Arts.  141  and  143),  in  which 
case  it  is  propagated  in  straight  lines.  But  when  a  ray  of  light 
passes  from  one  transparent  medium  into  another,  its  direction 


Fig.  143. — Refraction  of  Beam  of  Light. 

is  changed  and  it  is  said  to  be  refracted.  This  bending  or 
refraction  of  light  may  be  illustrated  by  the  following  experi- 
ments : — 

EXPT.  98. — Procure  a  rectangular  tin  box  (a  biscuit-box). 
Mark  a  scale  of  inches  or  centimetres  along  the  bottom  of  it, 
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or  lay  a  metal  scale  on  the  bottom.  Take  the  box  into  a  dark 
room  and  allow  a  beam  of  parallel  light  to  fall  slantwise 
against  the  edge.  (It  is  best  to  use  a  strong  source  of  light — 
sun-light  or  lime-light.)  The  side  of  the  box  throws  a  shadow 
C  (Fig.  143),  which  is  in  a  line  with  the  direction  of  the  incident 
beam  AB.  Note  the  point  C  where  the  edge  of  this  shadow 
falls  on  the  bottom. 

Now  (without  altering  the  position  of  anything)  fill  the  box 
with  water.  The  edge  of  the  shadow  moves  to  D,  nearer  the 
vertical  side  BN  of  the  box.  Clearly  the  light  is  refracted  or 
bent  on  entering  the  water.  Note  the  direction  in  which 
it  is  refracted.  N'N  is  the  normal  at  the  point  of  incidence. 
On  passing  from  air  into  water  light  is  refracted  towards  the 
normal. 


Fig.  144. — Apparent  Displacement  of  Coin. 

EXPT.  99. — Put  a  coin  on  the  bottom  of  an  empty  basin 
(c,  Fig.  144).  Place  your  eye  in  such  a  position  (E)  that  you 
just  cannot  see  it — the  coin  being  hidden  by  the  side  of  the  basin. 

If  water  is  now  poured  into  the  basin  (the  eye  still  remain- 
ing at  E),  the  coin  becomes  visible  and  appears  to  rise  as 
the  level  of  the  water  rises.  This  would  clearly  be  impossible 
without  some  bending  of  the  rays  of  light  which  proceed  from 
the  coin.  A  ray  such  as  cs  (which  would  otherwise  not  reach 
your  eye)  is  refracted  downwards  along  .yE  on  leaving  the 
water  and  thus  enters  your  eye.  The  eye  takes  no  notice  of 
the  refraction  ;  it  simply  sees  the  coin  at  c'  along  Es  produced. 
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Notice  the  direction  in  which  the  light  is  refracted.     On  pass- 
ing from  water  into  air  light  is  refracted  away  from  the  normal. 

EXPT.  100. — Plunge  a  stick  or  pencil  slantwise  into  water. 
It  looks  as  though  it 
were  bent  just  at  the 
surface  of  the  water, 
and  the  part  immersed 
appears  shortened  and 
elevated  (Fig.  145). 
This  is  best  seen  by 
placing  the  eye  at  one 
side  :  if  you  look  along 
the  stick,  or  if  it  is 
held  upright  in  the 
water,  it  simply  ap- 
pears shortened  and 


not  bent. 


Fig.  145. — Appearance  of  Stick  in  Water. 


187.  Laws  of  Refraction. — Let  RI  (Fig.  146)  represent 
a  ray  of  light  in  air  incident  obliquely  at  I  upon  the  surface  of 


Fig.  146. — Refracted  Ray. 

another  medium,  e.g.  still  water.  Draw  the  normal  at  I  to  the 
refracting  surface.  The  angle  between  the  normal  and  the 
incident  ray  RI  is  called  the  angle  of  incidence.  We  know 
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that  on  entering  the  water  the  ray  of  light  is  bent  in  some  such 
direction  as  IS — i.e.  towards  the  normal.  The  angle  SIP 
between  the  normal  and  the  refracted  ray  IS  is  called  the 
angle  of  refraction.  Clearly  the  angle  of  refraction  is  less  than 
the  angle  of  incidence. 

Produce  RI  to  R'.  The  angle  R'lS  measures  the  amount 
by  which  the  ray  is  bent  or  deviated  out  of  its  path  :  it  is  called 
the  angle  of  deviation.  Whenever  a  ray  of  light  in  passing 
from  one  medium  to  another  is  bent  towards  the  normal, 
the  second  medium  is  said  to  be  '  optically  denser '  than  the 
first.  Thus  water  and  glass  are  both  optically  denser 1  than  air. 

With  I  as  centre  describe  a  circle.  From  the  point  where 
this  circle  cuts  the  incident  ray  draw  a  perpendicular  to  the 
normal :  this  is  clearly  equal  in  length  to  the  perpendicular 
R'P'  drawn  from  the  point  R'  where  the  circle  cuts  the  incident 
ray  produced.  Again,  from  the  point  where  the  circle  cuts  the 
refracted  ray  draw  a  perpendicular  to  the  normal.  The  ratio 
of  these  perpendiculars  has  a  constant  value  2  for  any  given  pair 
of  media  (air  and  water,  air  and  glass,  etc.) 

We  may  now  state  the  laws  of  refraction  in  the  following 
form  : — 

I.  The  refracted  ray  lies  in  the  plane  containing  the  incident 
ray  and  the  normal,  and  on  the  opposite  side  of  the  normal. 

II.  If  points  equidistant  from  the  point  of  incidence  be  taken 
on  the  incident  and  refracted  rays,  and  if  from  these  points 
perpendiculars  be  drawn  to  the  normal,   the  ratio  of  these 
perpendiculars  is  constant  for  any  given  pair  of  media. 

188.  This  constant  ratio  is  called  the  index  of  refraction 
for  the  two  media,  and  is  usually  denoted  by  the  letter  /JL.  Its 

value  for  air  and  water  is  about  ^ :  for  air  and  glass  about 

..."  3 

^  ;  but  it  may  be  greater  than  this  according  to  the  composition 

of  the  glass. 

The    following  are  approximate    values   of  the   indices   of 

1  This  use  of  the  term  '  dense '  must  not  be  confused  with  the  usual  meaning  of 
density  as  defined  on  p.  39.  There  is  no  necessary  connection  between  the  two. 
Thus  turpentine  is  lighter  than  water  but  is  optically  denser :  it  floats  upon  the 
surface  of  water,  but  a  ray  of  light  in  passing  from  water  into  turpentine  is  deviated 
towards  the  normal. 

2  This  is  to  be  accepted  as  subject  to  further  explanation  when  we  come  to  consider 
dispersion  (Chap.  IX.). 
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refraction  for  light  passing  from  air  into  certain  transparent 
media  : — 


Water v  . 

Alcohol 

Turpentine    ....... 

Benzene         ....... 

Carbon  Bisulphide          ..... 

Common  Window-Glass  (about) 

Crown  Glass  (Potash-lime-glass  free  from  lead) 

Flint-Glass  (Lead-glass)  .... 

Diamond 


33 

37 

48 

•50 

67 

'53 

•53  to  1-61 

62  to  1-79 

,47 


189.  Experimental  Verification. — The  first  law  of  re- 
S 


Fig.  147. — Verification  of  Law  of  Refraction. 

fraction  offers  no  difficulty : .  the   second   can   be   verified   by 
means  of  the  apparatus  shown  in  Fig.  147.     This  consists  of  a 


246  LIGHT  CH.  vi 

shallow  cylindrical  glass  vessel,  the  lower  half  of  which  is  filled 
with  water.  The  vessel  is  surrounded  by  a  divided  circle  on 
which  the  angles  of  incidence  and  refraction  can  be  measured. 
The  perpendicular  distances  corresponding  to  SP  and  R'P'  in 
Fig.  146  can  also  be  measured  on  the  horizontal  scale  which 
slides  up  and  down  on  a  vertical  rod.  By  this  means  the 
second  law  of  refraction  can  be  verified  directly. 

EXPT.  i oi.- — In  order  to  show  up  the  path  of  the  beam  as 
it  passes  through  the  water,  a  few  drops  of  milk  must  be  added 
beforehand  (just  enough  to  make  the  water  milky).  Pour  in 
the  water  through  the  hole  at  the  top  of  the  glass  vessel  until  it 
rises  just  to  the  centre-mark  O.  Blow  in  a  little  smoke  through 
the  hole  so  as  to  show  up  the  path  of  the  beam  in  the  upper 
half  of  the  vessel. 

Direct  the  beam  of  light  on  the  movable  mirror  I  and 
adjust  this  so  that  the  light  is  reflected  through  the  slit  in  the 
tube  (in  front  of  I)  and  on  the  surface  of  the  water  at  O.  The 
movable  arm  Oa  which  carries  the  mirror  is  now  parallel  to 
the  incident  beam. 

The  beam  of  light  is  refracted  along  OR  and  emerges  at  R 
without  undergoing  further  refraction,  for  the  beam  is  normal 
to  the  surface  of  the  vessel  at  R.  Adjust  the  movable  arm 
b  so  that  the  emergent  beam  passes  through  the  slit  in  the 
tube  attached  to  it :  Ob  is  now  parallel  to  the  emergent  beam. 
The  angle  aOb  measures  the  deviation. 

Measure  off  the  distance  (O'b}  from  the  centre  of  the  horizontal 
scale  to  the  point  b  :  this  distance  corresponds  to  the  length  of 
the  perpendicular  SP  in  Fig.  146.  Raise  the  scale  and  in  the 
same  way  measure  off  the  distance  O'a :  this  corresponds  to 
the  length  of  the  perpendicular  R'P'  in  Fig.  146. 

Alter  the  position  of  the  arm  Oa  and  repeat  the  adjustments 
and  measurements.  Whatever  the  angle  of  incidence,  it  will  be 
found  that  the  ratio  of  the  perpendiculars  is  constant.  Thus  if 
O'a  is  6  cm.,  O'b  will  be  4-5  cm.  :  if  O'a  is  8  cm.,  O'b  will  be 
6  cm.,  the  ratio  being  always  as  4  to  3. 

Place  the  arm  Oa  vertical  and  reflect  the  light  from  the 
mirror  vertically  downwards  :  the  light  is  now  incident  nor- 
mally on  the  surface  of  the  wates  and  passes  straight  through 
•without  any  deviation.  Tilt  the  arm  gradually  and  measure 
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the    deviation    for    each    angle    of   incidence :    the    deviation 
increases  'with  the  angle  of  incidence. 

The  light  is  not  all  refracted :  some  of  it  is  reflected  from 
the  surface  of  the  water  according  to  the  usual  law.  Notice 
that  this  reflected  beam  becomes  brighter  as  the  angle  of 
incidence  increases.  The  amount  of  light  reflected  from  the 
surface  of  water  increases  with  the  angle  of  incidence. 

[Further  experiments  may  be  made  with  another  liquid,  e.g. 
petroleum.  Its  index  of  refraction  will  be  found  to  be  con- 
stant, but  different  to  that  of  water. 

It  will  generally  be  found  sufficient  to  illustrate  the  law 
without  verifying  it  by  measurements,  and  in  this  case  a  simple 
glass  tank  will  do  well  instead  of  the  apparatus  above  described. 
A  convenient  form  of  tank  for  refraction  experiments  can  be 
made  out  of  a  tin  biscuit-box.  Leave  the  top  of  the  box  open, 
cut  a  slit  (about  I  inch  broad)  down  one  of  the  sides,  and 
fasten  a  strip  of  glass  water-tight  against  this  with  marine  glue. 
Cut  a  circle  out  of  the  front  of  the  box  (or  cut  the  front  out 
leaving  a  rim  round)  and  fasten  a  sheet  of  glass  in  the  same 
way  against  it.  A  beam  of  light  can  be  admitted  either  from 
the  top  or  the  side  through  a  slit  in  a  blackened  card.  Even 
a  common  medicine-bottle  with  flat  sides  can  be  used :  it 
should  be  painted  over  with  black  paint,  one  side  and  a  circle 
on  the  front  being  left  clear  (see  Fig.  I  50). 

Instead  of  adding  milk  to  the  water,  a  little  common  salt 
may  be  dissolved  in  it  and  a  few  drops  of  a  very  dilute  solution 
of  silver  nitrate  added.  The  slight  precipitate  of  silver 
chloride  thus  produced  will  remain  for  some  time  in  sus- 
pension.] 

19O.  Geometrical  Construction  for  Refracted  Ray. 
— We  shall  first  consider  the  case  of  a  ray  passing  from  a 
rarer  to  a  denser  medium,  e.g.  from  air  into  water  or  glass 
(^>i).  Suppose  the  paths  of  the  incident  and  refracted  rays 
to  be  as  in  Fig.  148.  At  the  point  of  incidence  C  draw  the 
normal  to  the  refracting  surface  AB.  With  C  as  centre  draw 
a  circle  cutting  the  incident  and  refracted  rays  at  I  and  R 
respectively.  From  I  draw  IM  and  from  R  draw  RM'  per- 
pendicular to  the  normal.  The  ratio  of  these  two  perpen- 
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diculars  is,  by  definition   (Art.    187),  the   index  of  refraction. 
Thus  if  the  two  media  are  air  and  water, 
IM  _  _4 

•pj^p  =  (air)  P  (water)  =  "• 

Draw    IN    and    RN'    perpendicular    to    the    surface    AB. 
Clearly  IM  =  CN  and  RM'  =  CN'. 

Thus  CN~'  =  ~'      orCN'  =  --CN- 

Hence  the  following  geometrical  construction  for  finding  the 
path  of  the  refracted  ray  : — 

Given  the  path  of  a  ray  in  air,  to  find  the  path  of  the  re- 
fracted ray  in  water  (/*= -|). 


Fig.  148. 

Let  1C  be  the  incident  ray.  From  I  draw  IN  perpen- 
dicular to  the  surface  AB.  Divide  CN  into  four  equal  parts. 
From  C,  on  the  opposite  side,  lay  off  CN'  equal  to  three  of 
these  parts.  At  N'  draw  a  perpendicular  to  the  surface  AB. 
With  C  as  centre  and  CI  as  radius  describe  a  circle  cutting 
this  perpendicular  at  R.  Join  CR.  CR  is  the  path  of  the 
refracted  ray. 

If  the  second  medium  be  glass  (fj.  =  ^\  modify  the  con- 
struction as  follows : — Divide  CN  into  three  equal  parts. 
From  C,  on  the  opposite  side,  lay  off  CN'  equal  to  two  of 
these  parts. 
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In  general,  if  the  index  of  refraction  be  /x,  CN'  must  be 
taken  equal  to  - .  CN. 

[Notice  that  as  /*>  i,  CN'<CN.  Hence  the  point  N'  must 
fall  inside  the  circle  (to  the  left  of  B),  for,  however  great  the 
angle  of  incidence,  CN  cannot  be  greater  than  CA  (the 
radius).  Hence  also  the  perpendicular  from  N'  will  always 
cut  the  circle.  For  every  possible  position  of  the  incident 
ray  there  is  a  corresponding  refracted  ray.  Thus  the  con- 
struction is  always  possible  when  the  ray  is  passing  from  a 
rarer  to  a  denser  medium.] 

191.  Refraction  from  a  Denser  into  a  Barer 
Medium. — In  any  case  of  refrac.tion  the  incident  and  re- 
fracted rays  may  be  supposed  to  change  places  (the  direction 
in  which  the  light  travels  being  reversed).  Thus  in  Fig.  148, 
if  RC  be  supposed  to  represent  an  incident  ray,  CI  would  be 
the  corresponding  refracted  ray  in  air.  This  is  equivalent  to 
stating  that  when  the  direction  of  the  ray  is  reversed  the  index 
of  refraction  is  reversed.  Thus,  if  the  index  of  refraction  for- 
light  passing  from  air  into  a  denser  medium  is  //,,  the  index  of 
refraction  for  light  passing  from  this  denser  medium  into  air 

will  be  the  reciprocal  of  /x,  or  — 

In  the  cases  of  water  and  glass  we  have 

_4  _3 

(air)  /*  (water)  —  .,'       (water)  p  (air)  —  ,» 

3  2 

(air)  P*  (glass)  =  ~»       (glass)  /*  (air)  =  J 

Given  the  path  of  a  ray  in  water,  to  find  the  path  of  the  re- 
fracted ray  in  air  (/*=!). 

Let  1C  (Fig.  149)  be  the  incident  ray.  From  I  draw  IN 
perpendicular  to  the  refracting  surface  AB.  Divide  CN  into 
three  equal  parts.  From  C,  on  the  opposite  side,  lay  off  CN' 
equal  to  four  of  these  parts.  From  N'  draw  a  perpendicular 
to  the  surface  AB.  With  C  as  centre  and  CI  as  radius 
describe  a  circle  cutting  this  perpendicular  at  R.  Join  CR. 
CR  is  the  path  of  the  refracted  ray. 
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If  the  ray  be  travelling  from  glass  into  air  (in  which  case 
JJL  =  -\,  modify  the  construction  as  follows: — Divide  CN  into 

two  equal  parts.     From  C,  on  the  opposite  side,  lay  off  CN 
equal  to  three  of  these  parts. 

In  general,  if  the  index  of  refraction  be  //,  (reckoned  in  the 
direction  in  which  the  light  is  travelling),  CN'  must  be  taken 

equal  to  £ .  CN, 


Fig.  149- 

Now  notice  that  as  //,  is  here  <i,  CN'>CN.      Hence  the) 
point   N'   may  fall  outside    the    circle.       When   it   does,   the 
perpendicular  through  N'  to  the  surface  will  not  cut  the  circle 
at  all. 

192.  Experimental  Verification.  —  Before  proceeding 
further  with  the  question  of  refraction  into  a  rarer  medium,  the 
statements  already  made  should  be  verified. 

EXPT.  102. — Using  the  same  apparatus  as  in  Expt.  101, 
throw  the  beam  of  light  upward  through  the  water,  adjusting 
the  mirror  so  that  the  beam  meets  the  surface  of  the  water  at 
O.  Measure  off  the  perpendicular  distances  to  the  normal 
and  see  whether  they  are  in  the  ratio  of  3  to  4  (they  were  in 
the  inverse  ratio — 4  to  3 — when  the  ray  passed  from  air 
through  water),  or  mark  the  positions  of  the  incident  and 
refracted  rays  and  then  reverse  the  direction — sending  the 


191-192 


REFRACTION  OF  LIGHT 


251 


incident  ray  along  the  path  previously  followed  by  the  refracted 
ray.  Notice  that  the  refracted  ray  in  air  now  follows  the 
path  of  what  was  before  the  incident  ray. 

Send  the  light  vertically  upwards  through  the  water :  it  is 
now  incident  normally  on  the  surface  and  passes  straight 
through  without  any  deviation. 

Gradually  increase  the  angle  of  incidence.  The  angle  of 
refraction  increases  at  the  same  time,  but  more  rapidly.  The 
light  is  not  all  refracted  :  some  of  it  is  reflected  from  the 
surface  of  the  water  according  to  the  usual  law,  and  the 
amount  thus  reflected  increases  with  the  angle  of  incidence. 

As  you  increase  the  angle  of  incidence  the  angle  of  refraction 
increases  from  o°  to  90°,  beyond  which  it  clearly  cannot 
increase.  When  the  angle  of  refraction  is  90°  the  refracted 
ray  just  grazes  the  surface  of  the  water  :  the  corresponding 
angle  of  incidence  is  called  the  critical  angle.  Its  value  for 
water  is  about  48°^. 

Just  at  this  point  a  very  remarkable  thing  happens.  As 
soon  as  you  increase  the  angle  of  incidence  beyond  the  critical 
angle  the  refracted  ray  disappears  entirely  and  the  reflected 
ray  increases  greatly  in  brightness.  None  of  the  light  escapes 


Fig.  150. — Total  Reflection. 

into  the  air  :  it  is  all  reflected  (Fig.  I  50).  The  reflection  is 
said  to  be  total  or  complete.  It  takes  place  according  to  the 
usual  law,  but  differs  from  ordinary  reflection  in  the  respect 
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that  it  is  more  complete,  none  of  the  light  being  scattered  (as 
is  the  case  with  even  the  best  polished  mirrors). 

We  shall  see  presently  that  the  critical  angle  has  different 
values  in  the  case  of  different  substances,  depending  upon  the 
index  of  refraction.  For  the  present  remember  that  our 
experiment  has  proved  the  following  result : — If  a  ray  of  light 
in  water  is  incident  upon  the  surface  at  an  angle  greater  than 
the  critical  angle,  it  cannot  get  out  into  the  air  but  is  totally 
reflected  back  into  the  water.  * 

193.  The  Critipal  Angle. — Look  at  Fig.  149  again.  The 
angle  of  refraction  (in  air)  is  not  far  from  90°.  If  you  were  to 
increase  the  angle  of  incidence  gradually,  you  would  reach  a 
point  at  which  the  angle  of  refraction  would  be  exactly  90°, 
and  the  refracted  ray  would  then  just  graze  the  surface  of  the 
water.  For  in  Fig.  149  N'  is  not  far  from  B.  As  CN 
increases  CN'  increases  in  the  same  ratio  and  ultimately 
becomes  equal  to  CB  (the  radius  of  the  circle).  N'  now 
coincides  with  B,  and  the  perpendicular  to  the  surface  through 

N'  becomes  the  tangent 
touching  the  circle  at  B 
(see  Fig.  151).  CB  is  the 
refracted  ray.  The  corre- 
sponding angle  of  incidence 
(0=ICM)is  the  critical 
angle.  For  any  ray  in- 
cident at  an  angle  greater 
than  this,  the  point  N' 
would  fall  outside  the  circle. 
The  perpendicular  to  the 
surface  through  N'  would 
not  cut  the  circle  at  all, 
and  the  usual  construction 
for  finding  the  refracted 

ray  in  air  would  cease  to  be  possible.      There  would   be   no 
refracted  ray  :  the  light  would  suffer  total  reflection. 

To  find  the  critical  angle  for  light  travelling  from  water  into 

air  ([*  =  -)  proceed  as  follows  : — Take  as  centre  any  point  C 
(Fig.  151)  in  the  line  separating  the  air  from  the  water:  with 
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any  radius  describe  a  circle  cutting  this  line  at  B.  Divide 
CB  into  four  equal  parts.  From  C,  on  the  opposite  side,  lay 
off  CN  equal  to  three  of  these  parts.  From  N  draw  a 
perpendicular  to  the, surface  cutting  the  circle  at  I.  Join  1C. 
The  angle  ICM  is  the  critical  angle.  If  you  measure  it  with  a 
protractor  you  will  find  that  it  is  about  48°^. 

You  can  easily  see  how  the  construction  would  have  to  be 
modified  for  any  other  media.  In  the  case  of  light  travelling 

from  glass  to  air  MK=-|,  take  CN  equal  to  two-thirds  of  the 

radius  CB.  In  general,  if  /x  be  the  relative  index  of  refraction, 
take  CN=/z-CB. 

We  have  hitherto  supposed  the  refractive  index  to  be 
measured  in  the  direction  in  which  the  light  is  travelling, 
H  being  greater  or  less  than  unity  according  as  the  light  is 
passing  into  a  denser  or  a  rarer  medium.  In  future  we  shall,  in 
general,  use  /x  to  denote  the  relative  index  for  refractiony?w;;  the 
rarer  into  the  denser  medium  (/x>  i),  and  when  the  contrary  is 
not  stated  it  may  be  assumed  that  the  first  medium  is  air. 

CB 

Using  this  notation  we  should  have  to  take  CN  =  —  in  the 

above  construction  for  finding  the  critical  angle.  Observe  that 
as  the  refractive  index  increases  the  critical^angle  diminishes  : — 

REFRACTIVE  INDEX.  CRITICAL  ANGLE. 

Water         .....  1-33  .  48°^ 

Benzene       .          .         .          .          .  1-50  .  .  42° 

Crown  Glass  (about)     .          .         .  1-56  .  .  41° 

Flint  Glass  (about)         ...  1-66  .  .  37° 

Carbon  Bisulphide         .          .          .  1-67  .  .  36°^ 

Diamond     .....  2-47  .  .  24° 

194.  Total  Reflection.  —  Suppose  A  (Fig.  152)  to  be  a 
source  of  light  under  the  surface  of  water.  A  ray  proceeding 
vertically  upwards  from  it  passes  out  into  the  air  without 
suffering  any  deviation.  Rays  on  each  side  of  this  are 
deviated  more  and  more  as  the  angle  of  incidence  increases. 
Beyond  a  certain  point  the  rays  can  no  longer  escape  into  the 
air  but  are  totally  reflected  back  into  the  water.  The  critical 
angle  separates  the  rays  which  are  refracted  into  the  air  from 
those  which  are  totally  reflected. 

Again,  suppose  the  direction  of  the  rays  to  be  reversed. 
All  possible  refracted  rays  reaching  the  point  A  are  included 
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within  a  cone  of  semi-vertical  angle  =  48°^  (see  last  article). 
Thus,  to  an  observer  under  the  water  in  a  pond,  all  objects 
above  the  surface  of  the  water  (however  far  on  either  side) 
would  appear  crowded  together  within  such  a  cone.  On 
looking  beyond  this  cone  (i.e.  in  a  direction  more  inclined  to  the 
vertical)  he  would  only  see,  by  total  reflection  from  the  surface 
of  the  water,  objects  lying  farther  off  at  the  bottom  of  the 
pond. 


Fig.  152. 

EXPT.  103. — Hold  a  glass  of  water  between  your  eye  and 
the  light,  and  raise  it  so  that  the  surface  of  the  water  is  above 
the  level  of  your  eye.  Looked  at  thus  from  below,  the  surface 
of  the  water  appears  like  quicksilver. 

Place  a  spoon  in  the  glass.  You  can  see  nothing  through 
the  surface  of  the  water,  but  the  lower  part  of  the  spoon  can 
be  seen  by  reflection  more  perfectly  than  in  a  mirror. 

EXPT.  1 04. — Lay  a  glass  prism  (Art.  201)  face  downwards  on 
a  printed  page.  If  you  look  at  it  directly  from  above,  you  can 
read  the  print  through  the  glass  :  but  if  you  shift  your  eye  to 
one  side  and  lower  it  gradually,  you  will  come  to  a  point  at 
which  the  print  suddenly  becomes  invisible,  and  the  face  of  the 
prism  appears  brighter  than  a  sheet  of  polished  silver. 

The  same  appearance  is  well  shown  by  glass  cubes  such  as 
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paper-weights  and  ink-pots.  Whatever  may  be  the  direction 
of  a  ray  incident  upon  one  of  the  sides  of  the  cube,  it  is  refracted 
so  much  as  to  make  with  the  base  an  angle  less  than  the 
critical  angle.  Consequently  all  the  light  incident  upon  the 
base  of  the  cube  is  reflected  with  the  brilliancy  characteristic 
of  total  reflection. 

EXPT.  105. — Place  a  lighted  candle  in  such  a  position  that 
it  can  be  seen  by  total  reflection  from  the  internal  surface  of  a 
glass  prism.  Then  turn  the  prism  so  that  the  candle  is  seen 
by  ordinary  reflection  from  one  of  the  faces.  Compare  the 
brilliancy  of  the  two  images. 

EXPT.  1 06. — Hold  an  empty  test-tube  slantwise  in  water  and 
look  at  it  from  above  :  it  looks  as  if  it  were  filled  with  mercury. 
The  light  which  passes  through  the  water  cannot  escape  into 
the  air  inside  the  test-tube,  but  is  totally  reflected  upwards. 

Pour  water  gradually  into  the  tube  :  the  brilliant  reflection 
disappears  as  the  water  rises. 

EXPT.  107. — The  preceding  experiment  can  be  modified  so 
as  to  afford  a  direct  com- 
parison between  the  brilliancy 
of  total  reflection  and  that  of 
ordinary  reflection  from  the 
surface  of  mercury.  For  if 
the  lower  part  of  the  tube  be 
filled  with  mercury  it  will  be 
found  that  the  reflection  from 
this  is  not  nearly  as  bright  as 
that  from  the  upper  (empty) 
half. 

The  tube  should  be  in- 
clined at  about  the  angle 
shown  in  Fig.  153,  and  a 
sheet  of  white  paper  should  be  laid  on  the  table  in  front  (PP'). 

EXPT.  1 08. — Construct  the  following  simple  apparatus  for 
illuminating  a  jet  of  water : — Procure  a  two-necked  globular 
glass  receiver  (Fig.  i$  of  not  less  than  4  inches  diameter 
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and  choose  one  with  wide  necks.  Fit  a  wide  (^  in.)  glass 
tube  into  each  neck :  if  the  necks  are  too  narrow  for  this,  use 
rubber  tubing  instead  of  cork,  in  fitting  the  tubes  in.  Coat 
with  black  varnish  the  outside  of  the  receiver  excepting  a 
circular  patch  opposite  one  of  the  necks  (to  the  left  of  the 
dotted  line  DD'  in  the  figure).  This  patch  shoulobe  just 
large  enough  to  fit  closely  against  the  nozzle  of  your  lantern. 

Fix  up  the  lantern  and  receiver  on  a  table  in  a  darkened 
room  so  that  a  jet  of  water  proceeding  from  the  horizontal 
tube  H  shall  clear  the  edge  of  the  table  and  fall  into  an 


Fig.  154.— Total  Reflection  in  Water-jet. 

empty  bucket  on  the  floor.  Connect  the  vertical  tube  V  by 
rubber  tubing  to  the  water  supply  and  turn  on  the  light  in  the 
lantern.  The  water  falls  in  the  form  of  a  parabolic  jet  and 
the  light  issuing  through  the  tube  meets  the  surface  of  the  jet 
at  an  angle  which  is  greater  than  the  critical  angle.  This 
reflection  is  continued  from  side  to  side  along  the  path  of  the 
jet  so  that  the  light  appears  imprisoned  within  it  giving  it  an 
appearance  suggestive  of  liquid  fire. 

Good   examples    of  total    reflection    are   often    shown    by 
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cracks  in  panes  of  window -glass  when  looked  at  obliquely  : 
also  by  the  bottoms  of  cubical  glass  ink-wells  and  paper- 
weights. 

In  many  physical  instruments  the  principle  of  total  reflec- 
tion is  usefully  employed :  for  example  in  the  reflecting  prisms 
of  spectroscopes.  If  it  is  desired  to  reflect  through  the  slit  of 
a  spectroscope  light  proceeding  from 
a  source  A  at  one  side  (Fig.  155),  there 
is  placed  in  front  of  the  slit  a  glass 
prism,  the  section  of  which  is  a 
right-angled  isosceles  triangle.  The 
light  from  the  source  A  enters  nor- 
mally through  one  of  the  faces  of  the 
prism  and  falls  upon  the  hypotenuse 
at  an  angle  of  incidence  of  45°. 
Since  this  is  greater  than  the  critical  angle  (Art.  192)  of  the 
glass,  the  light  is  totally  reflected.  At  the  same  time  it  is 
deviated  through  an  angle  of  90°,  so  that  it  emerges  normally 
from  the  other  face  of  the  prism  and  enters  the  slit. 

195.  In  explaining  any  of  the  facts  or  defining  any  of  the 
terms  referred  to  in  this  chapter  you  will  find  it  best  to  do  so 
with  reference  to  the  diagrams  (at  any  rate  if  you  wish  to  avoid 
the  use  of  trigonometrical  terms).  But  for  the  purpose  of 
recapitulation  the  following  definitions  may  here  be  given  : — 

Index  of  Refraction. — If  points  be  taken  in  the  incident  and 
refracted  rays  equidistant  from  the  point  of  incidence,  and  if  P 
from  these  points  perpendiculars  be  drawn  to  the  normal,  the  / 
ratio  of  the  perpendiculars  is  constant  for  any  pair  of  media,  / 
and  is  called  the  index  of  refraction. 

Critical  Angle. — When  a  ray  of  light  is  travelling  from  a  , 
denser  towards  a  rarer  medium,  there  is  a  certain  angle  of, 
incidence  such  that  the  corresponding  angle  of  refraction  is  :• 
90°  ;  and  this  angle  of  incidence  is  called  the  critical  angle  for  j 
the  two  media.      Or — The  critical  angle  is  that  limiting  angle  \ 
of  incidence  which  just  allows  a  ray  travelling  in  the  denser 
medium  to  escape  into  the  rarer  one — the  refracted  ray  grazing 
the  surface  of  separation  of  the  two  media. 

Total  Reflection  is  the  reflection  of  light  from  the  surface  of 
separation  of  two  media  when  the  incident  ray  is  in  the  denser 
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medium,  and  the  angle  of  incidence  is  greater  than  the  critical 
angle. 

Observe  that  two  conditions  are  necessary  before  total 
reflection  can  occur  : — 

*         (i)  The   incident    ray   must   be   travelling   from   a   denser 
medium  towards  a  rarer  one. 

i       (2)  The  angle  of  incidence  must  be  greater  than  the  critical 
angle. 

196.  Alternative  Construction  for  Refracted  Bay. 
— Let  1C  (Fig.  156)  be  a  ray  travelling  in  water  and  incident 
upon  the  surface  at  C.  Let  IN  be  drawn  perpendicular  to 
the  surface,  and  let  CR  be  the  direction  of  the  refracted  ray 
in  air,  as  found  by  the  construction  given  in  Art.  190. 


Fig.  156.  Fig.  157. 

Produce  RC  backwards  to  meet  IN  at  R'.  The  -triangles 
CNR'  and  CN'R  are  similar:  for  the  opposite  angles  at  C 
are  equal,  and  the  angles  at  N  and  N'  are  right  angles. 
Hence  the  sides  about  the  equal  angles  at  C  are  proportional. 


Now 


=  ^.CN'. 

4 


and,  therefore, 


CR,  =  3    CR  =  3    CI 

4*  4" 

This  gives  us  another  construction   for  finding  the    path  of 
the  refracted  ray.      Let    1C   be   the   incident   ray.      Draw  IN 
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perpendicular  to  the  surface  of  separation.  Divide  CI  into 
four  equal  parts.  Along  IN  find  a  point  R'  such  that  CR'  is 
equal  to  three  of  these  parts.  Join  R'C/and  produce  it:  this 
is  the  path  of  the  refracted  ray  in  air.  We  shall  use  this 
construction  in  the  next  article. 

197.  Image  of  Point  under  "Water.  —  Refer  back  to 
Fig.  152.  Suppose  any  two  consecutive  rays  in  the  figure  to 
represent  the  extreme  rays  of  a  pencil  of  light  proceeding  from 
the  point  A  and  entering  an  observer's  eye  after  refraction  into 
the  air.  Draw  a  similar  figure  on  a  larger  scale  :  produce  the 
refracted  rays  backwards  and  determine  the  point  at  which 
they  intersect  in  the  water.  This  point  is  the  image  of  A. 
You  will  find  that  it  differs  for  different  pairs  of  rays  :  the 
position  of  the  virtual  image  depends  upon  the  position  of  the 
observer's  eye. 

When  the  observer  is  at  a  great  distance  the  image  is  very 
near  the  surface.  As  he  moves  nearer  the  image  moves 
further  down.  The  motion  of  the  image  finally  becomes  very 
slow,  and  when  the  observer's  eye  is  vertically  above  the 
object,  the  image  is  formed  on  the  vertical  line  at  a  depth 
below  the  surface  eqtral  to  three -fourths  of  the  depth  of  the 
object. 

For  let  P  (Fig.  157)  be  a  luminous  point  under  water.  A 
ray  of  light  PNN'  incident  normally  passes  through  into  the 
air  without  deviation,  and  the  image  of  P  is  formed  on  this 
vertical  line.  The  rays  by  which  the  observer  sees  this  image 
are  not  all  vertical  but  form  a  small  divergent  pencil.  Let 
PC  be  any  one  of  the  rays  refracted  along  CR.  Produce  RC 
backwards  to  meet  the  normal  at  P'.  Then,  according  to  the 
last  article. 

CP'  =  --CP. 

4 

But,  since  the  pencil  of  rays  entering  the  eye  is  very  small, 
C  very  nearly  coincides  with  N  and  R  with  N'.  Hence  we 
have,  approximately, 

NP'  =  --NP. 

4 

All  nearly  normal  rays  proceeding  from  P  will,  after  refrac- 
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tion,  appear  to  proceed  from  P'.  P'  is  the  virtual  image  of 
P  as  seen  by  an  eye  vertically  above. 

Suppose  P  to  be  a  point  at  the  bottom  of  a  pond  :  to  an 
observer  looking  vertically  down,  the  depth  of  the  pond  would 
only  appear  to  be  three-fourths  of  what  it  really  is.  When 
the  line  of  vision  is  oblique,  the  apparent  depth  is  still  smaller. 
Thus  a  pond  or  stream  of  uniform  depth  appears  to  be  deepest 
vertically  beneath  the  observer  ;  and  the  bottom  presents  a  wavy 
appearance,  the  trough  of  the  wave  being  just  beneath  him. 

For  the  same  reason,  a  speck  on  the  under  side  of  a  thick 
glass  slab  appears  nearer  than  it  really  is.  In  general,  the 
apparent  thickness  of  a  layer  of  any  transparent  medium  is 

-,  when  /  is  its  real  thickness,  and  fj,  the  index  of  refraction 
for  light  travelling  from  air  into  the  medium. 

EXPT.  109. — Focus  a  microscope  upon  any  well-defined 
object,  such  as  a  metal  scale,  small  print,  etc.  Place  a  thick 
sheet  of  glass  upon  the  object  and  look  through  again.  You 
will  find  that  it  is  now  out  of  focus,  and  that  the  tube  of  the 
microscope  has  to  be  raised  in  order  to  focus  the  object  again. 
After  refocussing  remove  the  glass  :  the  object  again  appears 
indistinct  and  you  have  to  lower  the  tube  in  order  to  get  back 
to  the  original  focus. 

The  effect  of  interposing  a  stratum  of  water  can  be  observed 
by  pouring  water  into  a  flat -bottomed  glass  standing  on  a 
printed  page. 

198.  Refraction  through  a  Plate. — By  a  plate  is  here 
meant  a  portion  of  a  refracting 
medium  contained  between  two 
parallel  planes. 

Let  QA  4(Fig.  158)  be  a  ray  of 
incident  obliquely  at  A  upon 


Q      n 

*  such  a  plate,  e.g.  a  sheet  of  glass. 
On  entering  the  plate  at  A  the  ray 
is  refracted  towards  the  normal 

along  AS  and  falls  upon  the  second  face  of  the  plate  at  S. 
Since  the  two  faces  of  the  plate  are  parallel,  the  angle  of 
incidence  within  the  plate  at  S  is  equal  to  the  angle  of  refraction 
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(BAS)  at  A.  Hence  (see  Arts.  191,  192)  the  angle  of  refrac- 
tion (into  air)  at  S  must  be  equal  to  the  angle  of  incidence  at 
A,  and  the  emergent  ray  ST  is  parallel  to  the  incident  ray  QA. 
At  the  same  time  it  must  be  noticed  that  the  ray  in  passing 
through  the  plate  is  shifted  to  one  side  or  laterally  displaced. 
The  amount  of  this  lateral  displacement  increases  with  the 
thickness  of  the  plate,  its  refractive  index,  and  its  inclination 
to  the  incident  ray. 

EXPT.  -1 10. — Draw  a  few  straight  lines  on  a  sheet  of  paper, 
and  place  a  piece  of  plate-glass  on  the  paper  so  as  to  cover  a 
portion  of  the  lines.  Looked  at  normally  through  the  glass 
the  lines  still  appear  continuous  (Fig.  159).  But  if  you  move 


-Fig.  159.—  Normal  View.  Fig.  160. — Oblique  View. 

Lateral  displacement  produced  by  glass  plate. 

your  eye  to  the  right  or  left  the  lines  appear  broken  at  the 
edge  of  the  plate  (Fig.  160).  The  parts  seen  through  the 
glass  are  still  straight,  but  are  shifted  in  the  same  direction  as 
your  eye. 

The  same  effect  is  observed  when  the  eye  is  kept  fixed  and 
the  plate  itself  is  tilted. 

EXPT.  ill. — The  above  experiment  can  be  repeated  with 
liquids,  using  a  parallel-sided  glass  trough  such  as  that  shown 
on  p.  147,  and  affords  a  simple  method  of  proving  that 
different  liquids  have  different  refractive  indices. 

Half  fill  the  trough  with  water  and  hold  it  obliquely  in  front 
of  a  straight  line  drawn  on  a  vertical  sheet  of  paper  :  observe 
the  lateral  displacement. 
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Now  fill  the  trough  up  with  turpentine,  which  will  float  on 
the  surface  of  the  water.  The  line  appears  broken  just  where 
the  water  and  turpentine  meet,  the  part  seen  through  the 
turpentine  being  more  displaced  than  the  part  seen  through 
the  water.  From  this  it  follows  that  turpentine  must  have  a 
higher  refractive  index  than  water,  for  the  thickness  and  the 
inclination  are  the  same  for  both  liquids. 

Both  the  above  experiments  can  be  shown  to  a  class  by 
means  of  any  lantern  in  which  the  objective  can  be  removed 
to  some  distance  from  the  condensers,  e.g. 
the  lantern  described  in  Art.  229.  A 
convenient  lantern  arrangement  for  ex- 
hibiting Expt.  1 1  o  is  shown  in  Fig.  1 6 1 . 
It  consists  of  a  bar  of  thick  plate  glass 
hinged  to  the  frame  of  a  glass  slide  on 
which  is  painted  an  arrow.  This  is  placed 
in  the  usual  position  of  a  lantern  slide 
and  focussed  on  the  screen.  When  the 
glass  bar  is  pushed  flat  against  the  slide 

the  image  of  the  arrow  is  unbroken  :  but  when  the  glass  is 
tilted  the  centre  part  of  the  arrow  shifts  in  the  same  direction, 
as  shown  in  the  figure,  and  the  displacement  increases  with 
the  inclination  of  the  glass. 

199.  It  can  be  shown  by  experiment  that  the  direction  of 
a  ray  emerging  from  a  plate  is  parallel  to  that  of  the  incident 
ray.  We  might  have 
started  with  this  as  an  ex- 
perimental fact,  and  then 
have  deduced  from  this 
the  statement  made  in 
Arts.  191,  192,  viz.  that 
the  index  of  refraction 
from  any  medium  into 
air  is  the  reciprocal  of  the 
index  of  refraction  from 
air  into  that  medium. 

The  interposition  of  a 

plate  of  glass  not  only  causes  a  lateral  displacement,  but 
also  makes  an  object  appear  nearer  than  it  really  is.  Thus 
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to  an  observer  looking  at  a  point  S  (Fig.  162)  through  a 
glass  plate,  the  apparent  position  of  the  point  is  at  S' — to 
one  side  and  nearer.  This  latter  result  is  not  only  produced 
when  the  incidence  is  oblique,  but  also  when  it  is  normal 
(see  Art.  197). 

EXPT.  1 1 2. — The  effect  of  interposing  a  glass  plate  in  any 
position  may  be  shown  as  in  Expt.  109.  For  class  purposes 
it  may  also  be  illustrated  by  means  of  the  lantern.  It  is  not 
easy  to  find  clear  glass  plates  thick  enough  for  this  ;  but  with 
a  glass-sided  water-trough,  about  3  cm.  from  back  to  front,  it 
may  easily  be  shown  as  follows  : — 

Carefully  focus  upon  a  screen  the  image  of  an  ordinary 
photographic  slide,  preferably  one  with  sharp  detail.  Now 
interpose  between  the  slide  and  the  objective  your  trough  of 
water.  The  image  on  the  screen  is  thrown  out  of  focus  and 
in  order  to  get  it  sharp  again  you  must  either  move  the  screen 
farther  off  or  slide  the  objective  towards  the  screen. 

2OO.   Multiple  Images. — Refraction  plays  a  part  in  the 


Fig.  163. — Multiple  Images :  Paths  of  Rays. 

production    of   the    multiple    images    described    in   Art.    167. 
Suppose  a  ray  of  light  from  a  source  S  (Fig.  163)  to  fall  upon 
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a  plate-glass  mirror.  Part  of  the  light  is  reflected  from  the 
front  surface  of  the  glass,  and  produces  an  image  which  is 
seen  in  the  direction  of  S'.  Part  of  it  is  refracted  into  the 
glass  and  then  reflected  from  the  silvered  surface  :  of  this,  a 
part  is  again  refracted  into  the  air,  producing  the  bright  image 
seen  in  the  direction  of  S°.  But  another  part  is  reflected 
back  into  the  glass,  and  after  further  reflection  from  the  back 
of  the  plate  and  refraction  into  air  proceeds  parallel  to  the 
other  rays  and  produces  the  image  Sr  Thus  a  series  of 
images  of  gradually  decreasing  brightness  is  produced. 

2O1.  Refraction  through  Prisms. — A  prism  is  a  wedge- 
shaped  portion  of  a  refracting  medium  contained  between  two 
plane  faces.  The  angle  between  the  faces  is  called  the 
refracting  angle  of  the  prism,  and  the  line  along  which  the 
faces  meet  is  called  the  edge  of  the  prism.  Fig.  164  repre- 
sents an  equilateral  glass  prism  (the  section  of  which  is  an 
equilateral  triangle). 


Fig.  164.  Fig.  165. 

Let  abc  (Fig.  165)  be  a  section  of  a  prism  of  which  the 
refracting  angle  is  at  a.  We  shall  suppose  the  prism  to  be  of 
glass  or  other  substance  optically  denser  than  air.  A  ray 
such  as  DE  incident  upon  one  face  of  the  prism  at  E  is 
refracted  towards  the  normal  and  travels  through  the  prism  in 
the  direction  EE'.  On  leaving  the  prism  at  E'  the  ray  is 
passing  from  a  denser  to  a  rarer  medium  :  hence  it  is  refracted 
away  from  the  normal  along  E'D'.  Thus,  in  our  figure,  the 
ray  at  each  refraction  is  turned  away  from  the  edge  of  the 
prism  or  towards  its  base. 

Produce  DE  and  D'E'  to  meet.     The  angle  FGD'  is  called 
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the  angle  of  deviation :  it  is  the  angle  between  the  direc- 
tions of  the  incident  and  emergent  rays,  and  measures  the 
total  deviation  produced  by  the  prism.  The  deviation  is 
always  away  from  the  edge  of  the  prism. 

The  glass  pendants  attached .  to  chandeliers  are  usually 
triangular  prisms,  and  can  be  used  for  illustrating  the  be- 
haviour of  prisms.  The  effect  of  interposing  a  prism  between 
your  eye  and  an  object  is  to  shift  the  apparent  position  of  the 
object  towards  the  edge  of  the  prism.  Thus  an  observer  at 
D  (Fig.  165),  looking  through  a  prism  at  an  object  D',  would 
see  a  virtual  image  of  it  at  F. 

202.  Minimum  Deviation,  etc. — The   deviation    pro- 
duced by  a  prism  depends  not  only  upon  its  angle  and  refractive 
index,  but  also  upon  its  position  with  reference  to  the  direction 
of  the  incident  light.      It  can  be  proved  that  the  deviation  is 
least  (or  a  minimum)  when  the  angles  of  incidence  and  emerg- 
ence are  equal.     When  this  is  the  case,  the  path  of  the  ray 
within  the  prism  is  equally  inclined  to  the  two  faces  (as  in 
Fig.  165),  and  the  position  of  the  prism  in  which  this  occurs 
is  called   the   '•position  of  minimum  deviation'     This   is   the 
position    in  which    prisms    are    usually  placed    in   optical    ex- 
periments. 

In  the  case  of  prisms  of  small  angle  (say  up  to  15°)  the 
deviation  is  approximately  proportional  to  the  angle  of  the 
prism.  This  should  be  borne  in  mind  when  we  come  to 
consider  how  a  lens  acts  (Art.  207). 

EXPT.  113. — On  a  table  or  drawing-board  place  a  prism  with  its  edge 
vertical.  Beyond  the  prism  stick  a  pin  (to  represent  a  source  of  light). 
Look  through  the  prism  and  note  the  apparent  position  of  the  pin  ;  this 
depends  upon  the  position  of  the  prism.  Twist  the  prism  slightly,  first  in 
one  direction  and  then  in  the  other  :  find  by  trial  the  position  in  which  the 
deviation  is  a  minimum. 

By  using  four  pins — two  on  one  side  of  the  prism  and  two  on  the  other 
— you  can  fix  the  directions  of  the  incident  and  emergent  rays  and  then 
measure  the  deviation.  (Wtjen  the  pins  are  properly  adjusted  they  should 
all  appear  to  be  in  a  straight  line. )  Do  this  with  two  prisms  of  the  same 
angle  but  of  different  materials,  and  observe  that  the  deviations  are 
different  :  e.g.  n  prism  of  flint-glass  produces  a  greater  deviation  than  one 
of  crown. 

203.  Objects  seen  through  prisms  generally  exhibit  coloured  edges  :   the 
cause  of  this  will  be  explained  in  Chap.  IX. 
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The  effect  of  heat  in  altering  the  refractive  index  of  liquids  and  gases 
has  been  referred  to  on  pp.  147  and  150. 

A  fairly  satisfactory  measurement  of  the  refractive  index  of  water  can  be 
made  with  no  more  elaborate  apparatus  than  a  glass-fronted  trough  con- 
taining water,  a  couple  of  pins,  and  a  scale,  by  a  method  depending  on  the 
results  of  Art.  197.  Place  one  pin  vertically  (at  a  distance  not  less  than 
10  cm.  from  the  front  of  the  trough)  with  one  half  in  the  water  and  the 
other  half  projecting  out.  The  apparent  distance  of  the  virtual  image  of 

the  immersed  part  is  -  of  the  real  distance  from  the  front.  To  find  the 
position  of  the  virtual  image,  find  by  trial  the  position  in  which  the  second 
pin  must  be  placed  (vertically  on  the  direct  line  of  sight  between  the  first 
pin  and  the  glass  front)  so  that  the  image  of  the  immersed  part  of  the  first 
pin  coincides  or  is  continuous  with  the  projecting  part  of  the  second  pin. 


EXAMPLES  ON  CHAPTER  VI 

1.  Explain  the  apparent  bending  of  a  stick  when  dipped   into  water, 
stating  broadly  from  experience  the  most  favourable  conditions  for  observ- 
ing the  effect. 

2.  Light  falls  at  a  given  angle  on  a  plane  refracting  surface,  for  which 
the  refractive  index  is  5/4.      Show,  by  a  geometrical  construction,  drawn, 
as  well  as  you  can,  to  scale,  how  to  find  the  path  of  the  refracted  ray. 
(Apply  the  construction  given  in  Art.  46. ) 

C.  3.  A  ray  of  light  passes  from  one  medium  into  a  second,  the  angle  of 
incidence  being  60°,  and  the  angle  of  refraction  30°  :  show  that  the  index 
of  refraction  is  \/3. 

4.    Explain  what  is  meant  by  critical  angle  and  total  reflection.      How 
4  would  you  illustrate  by  experiment  the  difference  between  ordinary  and 

total  reflection. 

>j  5.  The  critical  angle  for  a  certain  medium  is  45°  :  show  that  its  index 
of  refraction  is  V2.  (See  Art.  49.) 

6.  Draw  accurately  the  path  of  a  ray  of  simple  light  through  a  45° 

prism  of  glass,  whose  index  of  refraction  is  -,  drawing  the  ray  incident  on^ 

one  face  in  a  direction  perpendicular  to  the  other  face. 

7.  The  shadow  of  a  red-hot  poker  is  cast  on  a  white  screen  by  means 
of  a  lime-light  lantern.      Explain  the  smoky  appearance  on  the  screen  just 
above  the  shadow. 

8.  Explain  the  quivery  appearance  seen  above  hot  bricks  or  rocks,  and 
the  streaky  appearance  of  water  in  which  ice  or  sugar  is  being  dissolved. 

9.  Explain  clearly  how  to  determine  the  real  position  of  an  object  seen 
straight  down  under  water,  from  observation  of  its  real  position. 

Does  it  appear  at  the  same  place  when  viewed  perpendicularly  to  the 
surface,  and  when  viewed  in  an  oblique  direction?  Give  reasons  for  your 
answer,  with  diagrams. 


CHAPTER   VII 

LENSES 

204.  A  lens  is  a  portion  of  a  refracting  medium  bounded 
either  by  two  curved  surfaces  or  by  one  plane  surface  and  one 
curved  surface.     The  only  lenses  which  we  shall  consider  are 
glass    lenses   of  which   the    curved   surfaces   are   portions   of 
spheres.     We  shall  further  assume  that  the  greatest  thickness 
of  the  lens  is  small  compared  with  the  radii  of  curvature  of 
the  surfaces. 

205.  Kinds  of   Lenses. — Lenses  may  be  divided  into 
two  classes  : — 

I.   Those  which  are  thicker  at  the  centre  than  at  the  edge. 
These  are  called  convex  or  converging  lenses.      Sections 


Fig   166.  Fig.  167. 

of  three  lenses  of  this  kind  are  shown  in  Fig.  166.  Of  these 
A  has  two  convex  surfaces  and  is  called  a  double-convex  lens  ; 
B  has  one  plane  and  one  convex  surface  and  is  called  a  plano- 
convex lens  ;  while  C  is  called  a  converging  meniscus. 

II.  Those  which  are  thinner  at  the  centre  than  at  the  edge. 
These  are  called  concave  or  diverging  lenses.  Three 
lenses  of  this  kind  are  shown  in  Fig.  167.  Of  these  D  is  a 
double -concave  and  E  a  plano-concave  lens,  while  F  is  a 
diverging  meniscus. 
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206.  The  principal  axis  of  a  lens  is  the  line  joining  the 
centres  of  curvature  of  its  two  spherical  surfaces.     Thus  OO' 
is  the  axis  of  the  lens  in    Fig.    169.      The  axis  of  a  plano- 
convex or  plano-concave  lens  is  the  line  which  passes  through 
the  centre  of  curvature  of  the  spherical  surface  and  is  per- 
pendicular to  the  plane  surface. 

A  ray  of  light  travelling  along  the  axis  of  a  lens  falls 
normally  on  both  refracting  surfaces,  and  therefore  passes 
through  the  lens  without  suffering  any  deviation. 

207.  How  a  Lens  Acts. — In  any  convex  lens  the  inclina- 

tion of  the  two  faces 
towards  one  another  in- 
creases as  we  go  out- 
wards from  the  centre 
(or  axis)  of  the  lens 
towards  the  edge. 
Thus  we  may  imagine 
the  section  of  the  lens 
to  be  made  up  of  a 
number  of  prisms  of 
gradually  increasing 
angle,  as  shown  in  the 
accompanying  dia- 
gram. 

We  know  that  a 
ray  of  light  in  passing 
through  a  prism  is 
deviated  towards  its 
base,  and  that  the 
amount  of  the  devia- 
tion increases  as  the 
angle  of  the  prism  in- 
creases. Now  suppose 
a  beam  of  parallel  rays 
to  fall  upon  the  prism- 
lens,  shown  in  Fig.  168. 

.  The  rays  would  be  bent 

towards  the  axis,  those 
near  the   edge   being    deviated   more   than   those   nearer    the 
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centre.     The  result  would  be  to  convert  the  parallel  beam  into 
a  convergent  pencil. 

This  is  the  way  in  which  convex  lenses  act.  Their  general 
effect  is  to  render  transmitted  rays  more  convergent. 

The  section  of  a  concave  lens  may  be  regarded  as  being 
built  up  of  a  number  of  prisms  of  gradually-increasing  angle, 
arranged  with  their  bases  outwards  (or  away  from  the  centre). 
The  general  effect  of  such  lenses  is  to  render  transmitted  rays 
more  divergent. 

Thus  the  properties  of  convex  lenses  are  similar  to  those  of  i 
concave  mirrors  ;  while  the  properties  of  concave  lenses  are  I 
similar  to  those  of  convex  mirrors. 

2O8.  Optical  Centre  of  a  Lens.  —  The  principal  axis  is  not 
the  only  direction  in  which  a  ray  of  light  can  pass  through  a  lens 
without  suffering  de- 
viation. There  is  one 
point  on  the  axis  of 
every  lens  such  that, 
if  the  path  of  a  ray 
within  the  lens  passes 
through  t  this  point, 
the  emergent  ray  is 
parallel  to  the  in- 
cident ray.  We  pro- 

CCed  tO  show  how  this  Fig.  169.  -Optical  Centre  of  Lens. 

point     is    found    and 

why  it  possesses  this  remarkable  quality. 

Let  O  and  O'  (Fig.  169)  be  the  two  centres  of  curvature 
of  a  lens  and  OO'  its  axis.  Draw  any  radius  Dtjio  the  first 
surface,  and  through  O'  draw  a  parallel  radius  O'R  to  the 
second  surface.  Join  QR  by  a  straight  line  cutting  the  axis 
at  C.  Then,  whatever  pair  of  parallel  radii  be  chosen,  C  is~a- 
fixed  point. 

For  the  triangles  OCQ  and  O'CR  are  equiangular  and 
similar  ;  and  therefore 

OCOQr 


where  r  and  r'  are  the  radii  of  the  curved  surfaces.      Thus   C 
divides  OO'  in  a   fixed    ratio  and   is  therefore  a  fixed  point. 
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This  point  is  called  the  optical  centre  of  the  lens,  and  any 
line  passing  through  it  is  called  a  secondary  axis  of  the  lens. 

Now  consider  what  happens  to  any  ray  whose  path  within 
the  lens  (produced  if  necessary)  passes  through  the  optical 
centre.  PQRS  is  such  a  ray.  The  normals  at  Q  and  R  are 
the  radii  OQ  and  O'R  and,  by  our  construction,  these  radii 
are  parallel.  The  ray  within  the  lens  (QR)  makes  equal 
angles  with  these  parallel  normals.  Hence  it  follows  that  the 
incident  ray  PQ  and  the  emergent  ray  RS  also  make  equal 
angles  with  the  normals  and  are  therefore  parallel  to  each 
other.  In  fact  any  ray  passing  through  the  optical  centre  of 
a  lens  meets  it  at  points  where  its  surfaces  are  parallel  to  each 
other,  and  consequently  the  lens  behaves  just  as  if  it  were  a 
parallel-sided  plate  :  the  ray  emerges  parallel  to  its  direction 
before  incidence,  but  suffers  a  slight  lateral  displacement 
(Art.  198). 

The  optical  centre  is  sometimes  simply  referred  to  as  the 
centre  of  the  lens.  It  is  not  necessarily  the  geometrical  centre  : 
indeed  in  the  case  of  a  meniscus  it  may  be  altogether  outside 
the  lens.  But  in  the  commonest  types  of  lenses,  viz.  double- 
convex  and  double -concave  lenses  with  surfaces  of  equal 
curvature,  the  optical  centre  does  coincide  with  the  geometrical 
centre,  or  is  midway  between  the  points  A  and  B. 

We  may  now  define  the  optical  centre  of  a  lens  as  follows 
with  reference  to  its  most  important  property  : — 

The  optical  centre  of  a  lens  is  a  point  on  the  principal  axis, 
and  is  such  that,  if  the  path  of  a  ray  within  the  lens  passes 
through  this  point,  the  emergent  ray  is  parallel  to  the  incident 
ray. 

If  the  thickness  of  the  lens  be  not  great  we  may  neglect 
the  slight  lateral  displacement  produced  and  regard  any  ray 
through  the  optical  centre  as  passing  straight  through  the  lens 
without  deviation.  Further,  if  the  lens  be  very  thin  we  may 
neglect  its  thickness  altogether  and  regard  C  as  coinciding 
with  either  A  or  B  (Fig.  1 69). 

2O9.  Principal  Focus. — When  a  pencil  of  rays  parallel 
to  the  principal  axis  of  a  convex  lens  falls  upon  the  lens,  the 
rays  after  transmission  through  it  converge  to  a  point  on  its 
axis  (F,  Fig.  1 70).  This  point  is  called  the  principal  focus. 
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Since  the  rays  actually  pass  through  the  point,  the  focus  is 
clearly  real. 


Fig.  170. — Convex  Lens  :  Principal  Focus. 

In  the  case  of  a  concave  lens  the  transmitted  rays  diverge  so 
as  to  appear  to  come  from  the  principal  focu£  (F,  Fig.  171), 
which  is  therefore  'virtual. 


Principal  Focus. 


21O.  Focal  Length. — Thy  principal  focal  distance  or 
focal  length  of  a  lens  is  the  distance  between  the  principal 
focus  and  the  lens  itself  (or,  more  strictly,  its  optical  centre). 
This  is  usually  denoted  by  the  letter  f. 

Applying  the  rules  for  signs  given  in  Art.  173,  it  will  be 
seen  that  the  focal  length  of  a  convex  lens  is  negative,  while 
that  of  a  concave  lens  '^positive.  For  all  distances  have  now 
to  be  measured  from  the  lens  (or  its  optical  centre).  Now  in 
the  case  of  the  convex  lens  (Fig.  170)  the  source  of  light  is  on 
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the  right  hand  of  the  lens,  and  the  principal  focus  is  on  the 
left  hand.      Hence  the  focal  length  (CF)  is  negative  (  -  ). 

In  the  case  of  the  concave  lens  (Fig.  171)  the  principal 
focus  is  on  the  same  side  as  the  source  of  light  (the  right  hand), 
and  therefore  the  focal  length  is  positive  (  +  ). 

211.  Parallel    Beam.  —  We    may   always    suppose    the 
direction  in  which  a  ray  of  light  travels  to  be  reversed  :  it  will 
then  exactly  retrace  its  original  path.     Applying  this  principle 
of  reversal  to  the  convex  lens  (Fig.  170),  we  see  that,  if  the 
path  of  an  incident  ray  passes  through  the  principal  focus,  the 
ray  will,  after  transmission,  go  off  parallel   to  the  principal 
axis. 

Thus  a  parallel  beam  of  light  can  be  obtained  by  placing  a 
luminous  point  at  the  principal  focus  of  a  convex  lens.  As  a 
source  of  light  we  may  use  a  small  brightly-illuminated  hole  in 
a  cardboard  screen  (see  Arts.  180  and  222). 

A  more  powerful  beam  of  parallel  light  can  be  obtained 
from  the  optical  lantern,  the  source  of  light  being  placed  at  the 
principal  focus  of  the  '  condenser,'  which  usually  consists  of  a 
pair  of  plano-convex  lenses.  Convex  lenses  are  used  in  the 
same  manner  in  lighthouses,  in  signal  lamps,  and  in  the 
common  *  bull's-eye  '  lanterns. 

212.  Conjugate  Foci. — The  following  proposition  can  be 
proved  by  the  laws  of  refraction  to  be  very  approximately  true, 
and  we  shall  presently  see  that  experiment  confirms  it : — When 
rays  from  a  luminous  point  on  the  principal  axis  of  a  lens  fall 
upon  it)  the  transmitted  rays  either  converge  to  another  point 
on  the  axis  or  appear  to  diverge  from  such  a  point.      In  the 
former  case  (when  the  rays  actually  pass  through  it)  the  point 
is  called  a  real  focus  :  in  the  latter  case  (when  they  only  appear 
to  diverge  from  it)  it  is  a  virtual  focus. 

In  the  case  of  a  convex  lens  the  focus  is  real  when  the 
source  of  light  is  beyond  the  principal  focus  of  the  lens,  and  is 
virtual  when  it  is  nearer  to  the  lens  than  the  principal  focus. 
For  we  have  seen  that  rays  diverging  from  the  principal  focus 
of  a  lens  are  rendered  parallel  by  transmission  through  it. 
Now  if  the  source  of  light  be  at  P  (Fig.  172),  beyond  the 
principal  focus  (F),  the  divergence  of  the  incident  rays  is  less, 
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and    by    transmission    through    the    lens    they    are    made    to 
converge  to  a  point  P'  on  the  other  side. 


Fig.  172. — Conjugate  Focus  (Real). 

If  the  source  of  light  be  nearer,  as  at  p  (Fig.  173),  the 
divergence  of  the  incident  rays  is  greater  than  when  the 
source  is  at  the  principal  focus  :  thus  the  lens  cannot  even 
render  them  parallel,  but  it  diminishes  the  divergence  so  that 
the  transmitted  rays  appear  to  diverge  from  a  point  P'  on  the 
same  side  of  the  lens  but  farther  off. 


Fig.  173. — Conjugate  Focus  (Virtual). 

In  Fig.  172  P'  is  the  image  of  P  formed  by  the  lens.  Now, 
if  you  suppose  the  direction  in  which  the  light  travels  to  be 
reversed,  it  will  be  clear  that  P  is  also  the  image  of  P'.  The 
points  P  and  P'  are  called  conjugate  foci,  with  respect  to  t 
lens  :  they  are  so  related  that  one  is  the  image  of  the  other  as 
formed  by  the  lens.  This  may  be  taken  as  a  definition  of 
conjugate  foci  -when  both  are  real.  Real  foci  are  always 
situated  on  opposite  sides  of  a  lens. 

When  one  of  the  foci  is  virtual  the  case  is  somewhat 
different.  Thus  in  Fig.  173  p'  is  the  image  of  py  whereas  p 
would  not  be  the  image  of  p'.  But  the  principle  of  reversal 
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still  holds  good  :  a  pencil  of  rays  converging  to  /'  would  after 
transmission  through  the  lens  converge  to  /. 

213.  Equation  for  Conjugate  Foci.  —  It  can  be  proved 
that  the  distances  of  the  conjugate  foci  P  and  P'  are  connected 
by  the  relation 


where  /  denotes  the  focal  length  of  the  lens,  /  the  distance 
of  the  point  P  (the  object  or  source  of  light)  from  the  Iras, 
and  p'  the  distance  of  P'  (the  corresponding  focus  or  image) 
from  it. 

This  is  the  fundamental  equation  for  lenses,  and  with  the 
proper  conventions  as  to  signs  (see  Arts.  172  and  209)  it  holds 
good  for  both  convex  and  concave  lenses. 

Compare  this  with  the  equation  for  mirrors  given  on  p.  2  1  9. 
You  will  be  less  liable  to  confuse  the  two  if  you  at  once  notice 
(  i  )  that  the  present  equation  contains  a  minus  (  -  )  instead  of 
a  plus  sign,  and  (2)  that  the  term  containing  p'  comes  first. 

214.  The  farther  a  source  of  light  is  from  the  lens,  the 
more  nearly  parallel  are  the  rays  which  proceed  from  it  to  the 
lens.  In  fact  we  may  regard  parallel  rays  as  being  such  as 
proceed  from  a  source  at  an  infinite  distance.  In  this  case 

p  is  infinitely  great  and  -  is  infinitely  small,  or  =  o.  Equation 
(i)  now  reduces  to 

1  =  1,    or/=/, 

which  is  in  accordance  with  what  was  stated  in  Art.  209. 
The  image  of  an  infinitely  distant  source  of  light  (e.g.  the  sun) 
is  formed  at  the  principal  focus  of  the  lens. 

215.  Examples.  —  i.  The  focal  length  of  a  convex  lens  is  15  cm. 
Rays  of  light  diverge  from  a  point  on  the  principal  axis  of  the  lens  and 
20  cm.  in  front  of  it  :  to  what  point  will  they  converge  after  refraction 
through  the  lens  ? 

Let  p'  be  the  required  distance  of  the  conjugate  focus  from  the  lens, 
Since  the  lens  is  convex,  its  focal  length  is  negative  :  thus_/~=  —  15. 
and/=+20.  Inserting  these  values,  with  their  proper  signs,  in 
the  equation 

iii 
~fp'~p 
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we  get 

IS      /       20 

Thus  ?  =  To-*s 

=  3~*  = -— 
60  60' 

or  p1  =  -  60  cm.     The  refracted  rays  converge  to  a  point  60  cm. 
behind  the  lens  (as  in  Fig.  172). 

2.   If  the  luminous  point  in  the  last  example  were  12  cm.  from  the  lens, 
how  would  the  rays  behave-  after  transmission  through  the  lens  ? 

Here/=  +  12  and/"  as  before  =  —  15.      Inserting  these  values  in  the 
equation,  we  get 

iii 
IS    /•  i« 

Thus  -,  =  --- 

P        12       I5 


60       60* 

'=  +60  cm.  The  conjugate  focus  is  on  the  same  side  of 
the  lens  as  the  luminous  point.  This  is  what  might  have  been 
expected,  for  the  source  of  light  is  at  a  smaller  distance  from  the 
lens  than  its  focal  length.  This  case  corresponds  to  that  illustrated 
in  Fig.  173  :  the  transmitted  beam  is  divergent  and  appears  to 
proceed  from  a  virtual  focus  60  cm.  from  the  lens  and  on  the 
same  side  as  the  incident  light. 

3.    Rays  of  light  diverging  from  a  point  6  in.  before  a  lens  are  brought 
to  a  focus  1 8  in.  behind  it  :  what  is  the  focal  length  of  the  lens  ? 

Here/=r  +6  and/'=  -  18.     The  value  of /is  given  by  the  equation 

i_       i      i 
f~~i8~6 

=  ~I~3  =  -*-  =  -- 
18  18         9' 

and  .-./=-?=  -4 

The  focal  length  is  -  4^  in.     Since  it  is  negative,  the  lens  must  be 
convex. 


CONVEX  LENSES 

216.  Geometrical  Construction  for  Image. — Images 
produced  by  convex  lenses  may  be  either  real  or  virtual.      In 
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discussing  the  formation  of  images  by  lenses  we  shall  make 
use  of  geometrical  constructions  similar  to  those  employed  in 
the  case  of  mirrors  (see  Arts.  175,  176,  and  178). 

Among  the  many  rays  which  proceed  from  any  luminous 
point  to  the  lens,  there  are  three  whose  directions  after  refrac- 
tion are  easily  followed  : — 

(1)  Any  ray  whose  path  passes  through  the  optical  centre 
may  be  regarded  as  passing  straight  through  the  lens  (Art.  208). 

(2)  Any  ray  parallel  to  the  principal  axis  is  refracted  so  as 
to  pass  through  the  principal  focus. 

(3)  Any  ray  whose  path  passes  through  the  principal  focus 
will,  after  refraction  through  the  lens,  proceed  parallel  to  its 
principal  axis. 

If  we  wish  to  find  the  image  of  any  luminous  point,  we  need 
only  follow  out  the  directions  of  two  of  the  above-mentioned 
incident  rays — say  (i)  and  (2) — and  find  the  point  of  inter- 
section of  the  refracted  rays  :  this  is  the  image  of  the  luminous 
point.  If  the  refracted  rays  actually  intersect  at  this  point, 
the  image  is  real :  if  they  have  to  be  produced  backwards 
(in  front  of  the  lens)  before  they  intersect,  the  image  is 
virtual. 

217.  Real  Images. — Let  AB  (Fig.  174)  be  an  object  in 


m^ 

Fig.  174.— Real,  Inverted,  and  Enlarged  Image. 

front  of  a  convex  lens  whose  optical  centre  is  at  O  and  prin- 
cipal focus  at  F.  OF  is  the  direction  of  the  principal 
axis. 

Join  AO  and  produce  it :  the  image  of  A  lies  somewhere 
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along  this  line  (which  is  the  secondary  axis  through  A).  From 
A  draw  a  second  incident  ray  parallel  to  the  principal  axis  : 
the  corresponding  refracted  ray  passes  through  F.  The  image 
of  A  lies  somewhere  along  this  ray  :  it  must  therefore  be 
formed  at  a,  where  the  two  refracted  rays  intersect. 

Similarly  the  image  of  B  is  found  to  be  at  b.  The  images 
of  points  lying  between  A  and  B  are  focmed  at  corresponding 
points  between  a  and  b.  ab  is  the  image  of  AB. 

The  image  is  real.  Not  only  can  it  be  seen  by  an  eye 
placed  in  a  suitable  position,  but  it  can  also  be  thrown  on  a 
screen  (see  Expt.  115). 

In  Fig.  174  the  image  is  enlarged  but  this  is  not  always 


Fig.  175. — Real,  Inverted,  and  Diminished  Image. 

the  case.  Thus  in  Fig.  175  is  shown  an  image  formed  by  the 
same  lens  when  the  object  is  farther  off  and  here  the  image  is 
smaller  than  object,  or  is  diminished.  We  shall  see  in  the 
next  article  that*  the  size  of  the  image  depends  upon  the 
distance  of  the  object  from  the  lens,  and  that  it  may  be  either 
enlarged  or  diminished.  This  will  also  be  evident  from  the 
following  consideration  : — Whenever  a  real  image  is  formed, 
the  image  and  object  may  change  places.  Thus  if  ab  in 
Fig.  174  were  an  object,  AB  would  be  its  image,  and  in  this 
case  the  image  would  clearly  be  smaller  in  size  than  the  object. 
The  object  and  its  real  image  are  always  on  opposite  sides 
of  the  lens  ;  and,  since  theVays  which  pass  through  the  centre 
(O)  of  the  lens  cross  each  other  at  this  point,  the  real  image 
is  always  inverted. 
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218.  Relative  Sizes  of  Image  and  Object. — In  order 
to  find  the  relative  sizes  of  image  and  object,  we  take  as  our 
object  the  straight  line  AB  (Fig.  176)  drawn  perpendicular  to 


Fig.  176. 

the  principal  axis  BCF  of  the  lens.  The  image  of  A  is  at  a, 
the  position  of  which  is  found  by  the  usual  geometrical  con- 
struction. The  image  is  completed  by  drawing  ab  perpen- 
dicular to  the  principal  axis  (the  image  of  B  being  at  b  on 
the  axis). 

The  triangles  abC  and  ABC  are  similar  ;  for  the  opposite 
angles  at  C  are  equal  and  the  angles  at  b  and  B  are  right 
angles.  Hence  (Euclid,  VI.  4)  the  sides  about  these  angles 
are  proportionals,  z.e., 

ab__bC^ 
AB~BC* 

Now  <5C  is  the  distance  of  the  image  from  the  optical  centre 
of  the  lens.  If  we  suppose  the  thickness  of  the  lens  to  be 
small,  we  may  say  that  bC  is  the  distance  of  the  image  from 
the  lens,  and  BC  is  the  distance  of  the  object  from  it.  Thus 

The  relative  sizes  of  image  and  object  are  as  their  respective 
distances  from  the  lens. 

If  we  denote  the  sizes  of  image  and  object  by  I  and  O,  and 
their  respective  distances  from  the  lens  by  p'  and  p,  we  may 
state  the  result  in  the  form 

' 


. 

The  above  result  is  true  for  all  images  formed  by  lenses. 
When  we  come  to  consider  virtual  images  and  concave 
lenses,  you  should  follow  out  the  proof  for  yourself  in  each 


2i8-22o  CONVEX  LENSES  279 

case.  Notice  also  that  here  the  relative  sizes  are  expressed^ 
directly  in  terms  of  distance  from  the  lens.  In  the  case 
of  mirrors  (Art.  177)  the  proof  was  not  so  simple.  The 
diagram  (Fig.  135)  gave  the  relative  sizes  in  terms  of  the 
distances  from  the  centre  of  curvature,  and  then  we  had  to 
prove  that  the  sizes  were  also  proportional  to  the  distances 
from  the  mirror  itself. 

The  ratio   (-  j  between  the  sizes  of  image  and  object  is 

called   the   magnification.       Here,   as   usual,  the  word   'size' 
refers  to  linear  dimensions. 

219.  When  an  object  is  placed  at  a  distance  2/  in  front  of 
a  convex  lens  of  focal  length  yj  a  real  image  is  formed  at  an 
equal  distance  behind  the  lens,  and  the  image  and  object  are 
of  the  same  size. 

For  example,  suppose  an  object  to  be  placed  60  cm.  in  front  of 
a  convex  lens  of  30  cm.  focal  length.  To  find  the  position  of  the 
image  we  have  to  put/=  +60  and/=  -  30  in  the  equation 

i      i      i 


-y=f-& 

Ill  I 

Or  77  =  7  ---  =~  7—  » 

p      60     30         60 
and  .-.    p'  =  -  60. 

The  image  is  formed  60  cm.  behind  the  lens.  Since  the 
image  and  object  are  equally  distant  from  the  lens,  they  are 
also  equal  in  size. 

When  the  distance  of  the  object  from  the  lens  is  greater 
than  2/5  the  image  is  diminished.  When  the  distance  of  the 
object  is  less  than  2/j  the  image  is  enlarged.  But  no  real  image 
is  formed  when  the  distance  of  the  object  is  less  than  /(see 
Art.  223). 

22O.  Examples.  —  i.  An  object  is  placed  at  a  distance  of  3  ft.  in  front 
of  a  lens  and  the  image  is  formed  i  ft.  behind  the  lens.  What  is  the  focal 
length  of  the  lens  ?  and  what  kind  of  lens  is  it  ? 


LIGHT 


Thus 


and  /=-| 

The  focal  length  is  f  ft.  or  9  in.  ,  and  since  it  is  negative  the  lens  is 
convex. 

2.  An  object  whose  length  is  5  cm.  is  placed  at  a  distance  of  12  cm. 
from  a  convex  lens  of  8  cm.  focal  length  :  where  is  the  image  formed 
and  how  long  is  it  ? 

Here/=  -  8  (since  the  lens  is  convex)  and/  =  +  12. 

The  distance  of  the  image  from  the  lens  is  given  by  the  equation 


iii 
-  =  ---  , 
p'  12  8 


24  24 

Thus  p'  =  -  24.  The  image  is  formed  at  a  distance  of  24  cm.  on  the 
other  side  of  the  lens.  Since  its  distance  from  the  lens  is  twice 
that  of  the  object,  its  length  is  also  twice  that  of  the  object,  or 
=  10  cm. 

3.  I  have  a  convex  lens  of  15  cm.  focal  length.  How  far  from  an  object 
must  I  hold  it  so  that  it  may  produce  a  real  image  of  the  object  magnified 
three  times  ? 

Suppose  p  and  p'  to  be  the  required  distances  of  the  object  and  image 
from  the  lens.     Since  the  image  is  to  be  three  times  the  size  of  the 
object,  its  distance  from  the  lens  must  be  three  times  as  great,  or 
pf  =  3p  (numerically). 
It  must,  however,  be  noticed  that  in  stating  the  relation 


in  Art.  218,  we  took  no  notice  of  the  signs  of  the  quantities  p  and/'. 
Since  our  image  is  to  be  real  it  must  be  formed  on  the  opposite  side 
of  the  lens  (as  in  Fig.  176)  ;  thus/'  is  negative  and  =  -  3/. 
In  the  usual  equation 


we  have  now  to  put  /=  -  15  and  /=  ~sp.     We  thus  get  the 
equation 
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in  which  /  is  the  only  unknown  quantity.  Solving  this  we  find 
that  /  =  +20.  Thus  the  lens  must  be  held  at  a  distance  of  20 
cm.  from  the  object.  The  image  is  formed  at  a  distance  of  60  cm. 
(3  x  20)  on  the  other  side  of  the  lens. 

[In-  working  out  questions  of  this  kind,  a  diagram  drawn  roughly  to  scale 
is  an  useful  guide.  You  can  also  check  your  work  by  finding  out  whether  the 
values  of/  and/'  found  are  in  accordance  with  the  value  of /given.] 

4.  A  candle  stands  at  a  distance  of  3  ft  from  a  wajl  :  in  what  position 
must  a  convex  lens  of  8  in.  focal  length  be  placed  between  them  so  as  to 
produce  upon  the  wall  a  distinct  image  of  the  candle? 

Let  /  denote  the  distance  (in  inches)  of  the  candle  from  the  lens  ; 
then  36 -/  will  be  the  distance  (/')  of  the  screen  from  the  lens 
irrespective  of  sign.  Remembering  that  /'  is  negative,  we  have 
/'=  -  (36  -/)=/-  36,  and  now  substituting  in  the  usual  equation 
we  have 

i_      i          i 

Multiplying  throughout  by  -  8/  (/  -  36)  we  get 

or  /2~36/  + 288  =  0. 

This  may  be  written  in  the  form 

and  .  •.  /  =  24  or  12. 

A  distinct  image  will  therefore  be  produced  when  the  candle  is  placed 
either  i  ft.  or  2  ft.  from  the  lens.  i 

221.  Experimental  Illustrations. — The  student  should 
now  perform  the  following  experiments  with  a  convex  lens,  and 
then  proceed  to  measure  carefully  the  focal  length  of  several 
convex  lenses  by  the  methods  described  in  Art.  222.  The  large 
(front)  lenses  of  an  opera-glass  or  telescope  will  do  :  but  the 
best  plan  will  be  to  get  from  an  optician  a  few  cheap  unmounted 
lenses  of  focal  lengths  varying  from  2  in.  to  i  ft.  (say  5-30  cm.) 
These  can  be  mounted  in  wood  or  cork  mounts  and  clamped 
to  a  retort -stand.  For  purposes  of  measurement,  the  lens, 
candle,  and  screen  are  best  mounted  on  the  optical  bench 
as  in  Fig.  177.  (See  also  Fig.  112,  p.  194;  and  Fig.  139, 
p.  232.) 

EXPT.  114. — Focus  the  sun's  rays  on  a  sheet  of  paper  by 
means  of  a  strong  magnifying-glass.  The  bright  round  spot 
of  light  is  an  image  of  the  sun,  and  is  formed  at  the  principal 
focus  of  the  lens  (Arts.  209-2 14).  The  focal  length  of  the  lens 
is  the  distance  between  it  and  the  image. 
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Strong  convex  lenses  are  often  called  'burning-glasses,' 
because  they  concentrate  heat  as  well  as  light  at  the  focus. 
Bits  of  paper  and  chips  of  wood  are  easily  set  on  fire  by 
focussing  the  sun's  rays  on  them.  We  have  thus  a  proof  that 
1  radiant  heat,'  like  light,  can  be  refracted. 


Fig.  177. — Lens  on  Optical  Bench  :  Real  Image. 

EXPT.  115. — Place  a  lighted  candle  at  one  end  of  a  dark 
room.  In  the  middle  of  the  room,  and  at  the  same  height  as 
the  flame,  place  a  convex  lens.  Move  a  screen  backwards  and 
forwards  on  the  other  side  of  the  lens  until  the  real  inverted 
image  of  the  flame  is  sharply  defined  on  it.  Proceed  as  in  the 
case  of  the  concave  mirror  (p.  229,  Expts.  96  and  97).  Notice 
particularly  the  following  points  : — 

The  image  is  real,  inverted,  and  diminished.  If  the  distance 
of  the  candle  is  great  compared  with  the  focal  length  of  the 
lens,  the  image  is  formed  very  nearly  at  the  focus.  If  you 
lower  the  candle,  the  image  rises,  and  vice  versa  :  the  image  of 
a  point  always  lies  on  the  secondary  axis  passing  through  that 
point. 

As  the  candle  moves  up  towards  the  lens,  the  image  moves 
away  from  the  lens  and  becomes  gradually  larger.  Measure 
the  distances  of  the  object  (p)  and  image  (/')  from  the  lens  in 

several  positions,  and  see  whether  -,  -  -  remains  constant  and 
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equal  to  j .     (See  Art.  213.     Remember  that^'  is  negative  here. 

If  you  focus  the  image  carefully,  your  results  should  agree  with 
the  theory.) 

When  the  candle  and  screen  are  at  equal  distances  from 
the  lens,  the  image  is  equal  in  size  to  the  flame  itself.  The 
distance  of  each  from  the  lens  is  2/,  or  the  focal  length  is  one- 
quarter  the  distance  between  the  candle  and  its  image  when 
both  are  equal  in  size  (Art.  219). 

As  the  candle  moves  still  nearer  the  lens  the  image  moves 
still  farther  away  :  it  is  now  larger  than  the  object,  but  remains 
real  and  inverted.  This  holds  good  for  distances  of  the  object 
between  2/and/ 

When  the  flame  is  at  the  principal  focus  the  image  is 
formed  at  an  infinite  distance  or  the  rays  after  reflection  form 
a  parallel  beam.  Whenever  an  object  has  to  be  illuminated 
by  a  source  of  light  at  a  great  distance  from  it  a  parallel  beam 
is  used.  An  ordinary  bull's-eye  lantern  gives  a  rough  illustra- 
tion of  this  ;  the  so-called  *  bull's-eye '  being  a  plano-convex 
lens  at  (or  about)  the  principal  focus  of  which  the  light  is 
supposed  to  be  placed.  Many  lighthouses  are  furnished  with 
elaborate  lenses  for  the  purpose  of  throwing  forward  the  light 
in  a  parallel  beam  :  but  perhaps  the  most  striking  illustrations 
of  this  are  afforded  by  the  magnificent  'search-lights'  or 
projectors  with  which  modern  war-ships  are  furnished. 

In  the  next  Article  (Method  II)  we  shall  see  how  to  test  the  parallelism 
of  a  beam. 

When  the  candle-flame  is  still  nearer  the  lens  (p<f)  no 
real  image  is  produced,  but  on  looking  at  the  flame  through 
the  lens  you  see  a  virtual,  erect,  and  enlarged  image. 

222.  Methods  of  Finding  Focal  Length. — The  focal 
length  of  a  convex  lens  can  be  measured  by  any  of  the 
following  methods  : — 

I.  By  allowing  a  beam  of  parallel  rays — or  rays  from  any 
very  distant  object — to   fall  on   the  lens.     An  image   of  the 
object  is  formed  at  the  principal  focus  (see  Expt.  1 1 4). 

II.  The  above  method  can  be  modified  by  making  use  of 
the  lens  itself  to  form  the  parallel  beam. 
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Suppose  F  (Fig.  178)  to  be  a  source  of  light  placed  at  the 
principal  focus  of  a  convex  lens  C.  After  passing  through  the 
lens  the  rays  of  light  would  form  a  parallel  beam.  Now  let  a 


M 


M' 


Fig.  178. 


plane  mirror  MM'  be  held  normally  in  this  beam,  so  as  to 
reflect  the  light  back.  Each  ray  would  travel  back  along  its 
own  path  and  would  again  be  refracted  by  the  lens,  so  as  to 
pass  through  its  focus  F.  Thus  an  image  coincident  with  the 
source  of  light  would  be  produced. 

This  gives  us  a  simple  and  accurate  means  of  measuring 
the  focal  length  of  the  lens.  It  is  similar  to  Method  III  for 
concave  mirrors,  and  is  carried  out  with  the  apparatus  there 
described  (pp.  231,  232).  SS'  is  a  cardboard  screen  provided 
with  hole  and  cross-threads.  The  hole  is  brightly  illuminated 
by  an  Argand  burner  placed  behind  (at  L).  The  lens  is  placed 
at  a  distance  from  the  screen  roughly  equal  to  what  the  focal 
length  is  supposed  to  be.  The  exact  distance  of  the  mirror 
from  the  screen  is  not  important :  it  should  be  tilted  so  that 
the  blurred  spot  of  light  seen  on  the  screen  should  fall  just  by 
the  side  of  the  hole. 

Now  move  the  lens  backwards  or  forwards  until  this 
blurred  spot  becomes  a  bright  image  of  the  hole,  with  the  cross- 
threads  well  defined.  The  distance  between  the  screen  and 
the  lens  is  now  the  focal  length. 

In  many  optical  experiments  and  measurements  a  beam  of 
parallel  light  is  required  (e.g.  see  Art.  185).  We  now  see 
not  only  how  a  parallel  beam  can  be  obtained  but  how  its 
parallelism  can  be  tested  in  a  simple  and  accurate  manner. 

III.   By  throwing  a  real  image  of  an  object  on  a  screen, 
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and  measuring  their  respective  distances  from  the  lens, 
focal  length  can  then  be  calculated  from  the  equation 


The 


/    /     P' 

As  an  object  we  may  use  a  candle-flame  (as  in  Fig.  177) 
or  the  hole  and  cross-threads  above  described.  Measurements 
should  be  made  with  the  object  at  different  distances.  The 
value  of/  should  be  calculated  from  each  experiment,  and 
the  mean  value  taken  as  correct.  Enter  up  your  results  as 
follows  : — 


Distance  from  Lens 
to  Object  (/). 

Distance  from  Lens 
to  Image  (/'). 

Calculated  Value  of 
Focal  Length  (/). 

82  cm. 
30     ,, 
50    ,, 

-  19    cm. 
-31      .. 

-21-8  ,, 

Mean  Value  of/ 

-15-4  cm. 
-15-2    ,, 
-15-3     ., 

-15.  3  cm. 

IV.  Find  by  trial  that  position  of  the  object  which  gives  an 
equal-sized  real  image  at  an  equal  distance  on  the  other  side  of 
the  lens.  Measure  the  distance  between  the  object  and  the 
image  :  one-fourth  of  this  is  the  focal  length.  This  is  simply 
a  special  case  of  Method  III. 

223.  Virtual  Images. — Virtual  images  are  produced  by  / 
convex  lenses  when  the  distance  of  the  object  from  the  lens  is  j 
less  than  its  focal  length. 


Fig.  179. — Convex  Lens  :  Virtual  Image. 

In  Fig.  179  the  position  of  the  focus  is  marked  at  F  and  F 
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The  object  AB  is  between  the  lens 
C    is    the    optical    centre    of  the 


on  either  side  of  the  lens, 
and  its  principal  focus, 
lens. 

Join  AC.  The  image  of  A  lies  somewhere  along  this  line, 
which  is  the  secondary  axis  through  A.  From  A  draw  a  ray 
parallel  to  the  principal  axis  of  the  lens  :  this  is  refracted 
through  the  focus  F.  These  two  rays  do  not  meet,  however, 
if  they  are  produced  on  the  left-hand  side  of  the  lens.  But 
if  produced  backwards  they  do  meet  at  a  point  on  the  same  side 
of  the  lens  as  the  object,  and  this  point  a  is  the  virtual  image 
of  A.  The  image  of  B  is  found  in  the  same  way,  and  lies  at  b 
on  the  secondary  axis  CB. 

An  observer  looking  at  the  object  AB  through  the  lens  sees 
a  virtual,  erect,  and  enlarged  image  of  it.  Thus  a  convex  lens 
can  be  used  as  a  '  magnifying-glass '  or  simple  microscope  for 
examining  small  objects  or  reading  small  print. 

The  magnification  depends  upon  the  relative  distances  of 
the  image  and  object  (Art.  2 1 8).  These  distances  are  given  by 
the  usual  equation  for  conjugate  foci  (see  examples  in  Art.  225). 

224.  Table  of  Results. — In  the  following  table /denotes 
the  focal  length  of  the  lens,  which  is  supposed  to  be  convex. 
Distances  are  measured  from  the  lens. 


DISTANCE  OF  OBJECT. 

DISTANCE  OF  IMAGE. 

CHARACTERISTICS  OF  IMAGE. 

Infinite 

/  .           .          .          . 

Real,  inverted,  diminished.  > 

Greater  than  2/   . 

Between  /and  2/    . 

Real,  inverted,  diminished. 

2/          .             .             . 

2/.               .               .               . 

Real,  inverted,  equal  in  size. 

Between  a/  and/ 

Greater  than  2/ 

Real,  inverted,  enlarged. 

Less  than  / 

Greater  than  /  (on 
same  side  as  object) 

Virtual,  erect,  enlarged. 
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225.  Examples. — i.  An  object  is  placed  at  a  distance  of  10  cm.  from 
a  convex  lens  of  15  cm.  focal  length  :  find  the  position  and  characteristics 
of  the  image. 

Here/=  -  15.     If/'  is  the  distance  of  the  image  from  the  lens, 


i 
10' 


3~2_  * 
30   "30" 


and/'  =+30.  The  image  is  formed  at  a  distance  of  30  cm. 
from  the  lens,  and  on  the  same  side  as  the  object.  It  is  therefore 
virtual  and  erect.  Since/' =  30  and/=  10,  the  image  is  magni- 
fied three  times. 

2.  If  an  object  at  a  distance  of  3  in.  from  a  convex  lens  has  its  image 
magnified  three  times,  what  is  the  focal  length  of  the  lens  ? 

There  are  two  solutions  to  this  problem,  for  the  image  may  be  either 
real  or  virtual.  In  the  first  case  the  image  and  object  are  on 
opposite  sides  of  the  lens  ;  in  the  second  case  both  are  on  the 
same  side  of  the  lens. 

In  both  cases,  since  the  image  is  three  times  as  large  as  the  object, 
its  distance  from  the  lens  must  be  three  times  that  of  the  object  : 
but  this  only  gives  us  the  numerical  value  of/'  in  terms  of/  with- 
out stating  whether  it  is  positive  or  negative. 

(i)  Image  real — 

/'  is  negative  and=  -  3^  or—  -  9  in. 

Thus  -  =  -,--, 

f    P'    P 


93         9 

"'-5 

or  the  focal  length  of  the  lens  is  -  2^  inches. 

(2)  Image  virtual — 

/'  is  positive  and  =  3/=  +9  in. 

Thus  £=£_£=_?, 

/     9     3         9 
and  /=_?,      • 

2 

so  that  the  focal  length  in  this  case  is  -  4^  inches. 


288  LIGHT 


CONCAVE  LENSES 

The  general  properties  of  concave  lenses  have  already  been 
discussed  in  Arts.  209  and  210. 

226.  Images    produced    by    Concave    Lenses   are 
always  Virtual,  Erect,  and  Diminished.  —  Let  AB  (Fig. 


Fig.  180. — Concave  Lens  :  Virtual  Image. 

1 80)  be  the  object,  O  the  optical  centre  of  the  lens,  and  F 
its  focus. 

A  ray  proceeding  from  A  parallel  to  the  principal  axis 
will,  after  refraction  through  the  lens,  appear  to  come  from 
F  in  the  direction  of  the  dotted  line.  This  line  intersects  the 
secondary  axis  AO  at  a.  Rays  proceeding  from  A  emerge 
from  the  lens  as  though  they  came  from  the  point  a.  a  is  the 
virtual  image  of  A.  Similarly  b  is  the  virtual  image  of  B. 

The  image  ab  is  virtual,  erect,  a.nd  diminished.  This  is 
not  only  the  case  when  the  object  is  beyond  F  (as  in  our 
figure),  but  is  always  true  for  all  images  formed  by  concave 
lenses. 

227.  Methods  of  finding  Focal  Length.  —  None  of 
the  methods  described  in  Art.  222  can  be  used  for  finding  the 
focal  lengths  of  concave  lenses,  for  a  real  image  of  an  object 
cannot  be  directly  formed  by  a  concave  lens. 

A  rough  measurement  of  the  focal  length  of  a  concave 
lens  can  be  made  by  using  a  parallel  beam  of  light  in  much 
the  same  manner  as  that  described  in  Art.  185  for  convex 
mirrors.  The  following  method  gives  more  accurate  results  : —  . 
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EXPT.  1 1 6. — Apparatus  required  :  A  screen  provided  with 
a  hole  and  cross-threads  (p.  231  and  Fig.  139)  illuminated 
by  an  Argand  burner  or  other  flame  placed  behind  ;  this  hole 
serves  as  the  source  of  light.  A  fairly  strong  convex  lens  (i.e. 
one  of  short  focal  length).  A  screen  on  which  an  image  of 
the  hole  can  be  thrown.  These,  as  well  as  the  concave  lens, 
are  best  mounted  on  an  optical  bench. 

Place  the  convex  lens  (alone — without  the  concave  lens) 
at  a  considerable  distance  from  the  source  of  light  so  as  to 
obtain  a  strongly  convergent  beam  :  adjust  the  screen  so  as 
to  receive  the  real  image  of  the  hole  and  cross-threads  as  at 


Fig.  181. 

p  in  Fig.  181  and  note  the  position  of  the  screen  on  the 
bench.  Now  introduce  the  concave  lens  (y)  between  the 
convex  lens  and  the  screen.  By  passing  through  the  concave 
lens  the  beam  is  rendered  less  convergent :  it  may  even 
become  parallel  or  divergent.  In  the  latter  case  no  real 
image  can  be  obtained :  but  if  a  sufficiently  strong  convex 
lens  be  chosen  the  effect  of  introducing  the  concave  lens  will 
simply  be  to  shift  the  image  farther  away.  Its  position  can 
be  found  by  sliding  the  screen  back  until  the  hole  and  cross- 
threads  again  appear  sharply  defined  on  it  (as  at  8). 

If  we  now  apply  the  principle  of  reversal  and  imagine  8 
to  be  a  source  of  light,  it  is  evident  that  light  proceeding  from 
8  would  after  passing  through  the  concave  lens  appear  to 
proceed  from  J3.  The  two  points  are  conjugate  foci  with 
respect  to  the  lens,  and  a  virtual  image  would  be  produced  at 
/?  of  an  object  at  8. 

Let  the  distance  between  the  lens  and  the  final  position  of 
the  screen  (y8)  be  denoted  by  p  (distance  of  object)  ;  and  the 
distance  between  the  lens  and  the  first  position  of  the  screen 
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(y/3)  by  p'  (distance  of  image).      Then  the  focal  length  of  the 
lens  is  given  by  the  usual  equation 


228.  Examples.  —  i.  The  focal  length  of  a  concave  lens  is  3  inches. 
Rays  of  light  diverge  from  a  point  on  its  axis,  and  6  in.  from  it.  How 
will  they  proceed  after  refraction  through  the  lens  1 

Here/=  +6  and,  since  the  lens  is  concave,  /=  +  3.     The  distance  of 
the  conjugate  focus  is  given  by  the  equation, 


* 

and  .-.  p'=  +2. 

The  conjugate  focus  is  at  a  distance  of  2  in.  from  the  lens.  Since  it 
is  on  the  same  side  (  +  )  as  the  source  it  is  virtual.  The  rays  after 
refraction  proceed  as  though  they  diverged  from  a  point  2  inches 
from  the  lens. 

2.  A  virtual  image  of  an  object  30  cm.  from  a  lens  is  formed  on  the 
same  side  of  the  lens  and  at  a  distance  of  10  cm.  from  it.  What  kind  of  a 
lens  is  it  ? 

The  focal  length  of  the  lens  is  given  by  the  equation, 

I         I  I  2 

7~io  30"  30' 

and  .  '.  /—  +15. 

Since  the  focal  length  is  positive,  the  lens  must  be  concave.  This 
may  also  be  seen  from  the  fact  that  the  image  is  nearer  the  lens  than 
the  object  is,  and  is  therefore  smaller  :  if  the  lens  were  convex,  the 
virtual  image  would  have  been  magnified. 


EXAMPLES  ON  CHAPTER  VII 

Read  carefully  the  rules  and  instructions  given  in  Arts.  173,  209,  210, 
and  212-214.  Observe  how  these  are  applied  in  the  solved  examples  in 
Arts.  215,  220,  225,  and  228. 

Draw  diagrams  roughly  to  scale  for  the  purpose  of  guiding  and 
checking  your  algebraical  work.  When  you  are  about  to  substitute  the 
numerical  value  for  any  symbol  in  an  equation,  be  careful  to  give  it  the 
right  sign  (+or  — ).  Want  of  attention  to  this  point  is  the  commonest 
cause  of  errors  and  incorrect  answers.  *. 

Remember  that —  •   •* 

The  focal  length  of  a  convex  lens  is  negative. 

The  focal  length  of  a  concave  lens  is  positive. 
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When  /'  is  found  to  be  positive,  the  image  is  formed  on  the  same  side 
I  of  the  lens  as  the  object,  and  is  virtual ;  when  /'  is  negative  the  image  is 
'  formed  on  the  opposite  side  of  the  lens  and  is  real. 

The  size  of  the  image  is  to  that  of  the  object  as  /'  is  to  p.  But  if  the 
image  is  real,  p'  is  negative  :  if  it  is  virtiial,  p'  is  positive.  Bear  this  in 
mind  when  you  are  given  the  relative  sizes  of  image  and  object  (i.e.  the 
magnification)  and  are  asked  to  find  their  respective  positions.  In  the 
case  of  a  convex  lens  there  are  two  solutions  to  such  a  problem  ;  one 
corresponding  to  the  virtual  and  the  other  to  the  real  image. 

1.  Rays  of  light  diverging  from  a  point  i  ft.  in  front  of  a  lens  are 
brought  to  a  focus  4  inches  behind  it.    What  is  the  nature  of  the  lens,  and 
what  is  its  focal  length  ? 

2.  The  focal  length  of  a  convex  lens  is  9  cm.     Rays  of  light  diverge 
from  a  point  on  its  axis  and  12  cm.  in  front  of  it.     Find  the  position  of 
the  conjugate  focus. 

3.  Rays  of  light  diverge  from  a  point  20  cm.  in  front  of  a  convex  lens. 
The  focal  length  of  the  lens  is  4  cm.     How  do  the  rays  behave  after  refrac- 
tion through  it  ? 

4.  If  an  object  is  placed  i  ft.  from  a  convex  lens  of  9  inches  focal  length,  - 
where  is  the  image  formed  ? 

5.  Explain  the  difference  between  real  and  virtual  images,   and  give 
examples  of  each.      If  you  had  a  convergent  lens  of  i  ft.   focal  length, 
where  would  you  place  an  object  so  as  to  produce  by  means  of  the  lens 
(i)  a  real  and  diminished  image,  (2)  an  erect  and  virtual  image?     Give 
sketches  showing  how  the  image  is  produced  in  each  case. 

6.  An  arrow  4  inches  long  is  placed  10  inches  in  front  of  a  convex  lens 
whose  focal  length  is  4  inches.      Illustrate  by  a  figure,  and  find  the  position 
and  length  of  the  image. 

7.  An  object  is  placed  at  a  distance  of  60  cm.  from  a  convex  lens  of  15 
cm.  focal  length  :  where  is  the  image  formed  ?     Compare  its  size  with  that 
of  the  object. 

8.  An  object  whose  length  is  5  cm.  is  placed  at  a  distance  of  12  cm.    . 
from  a  convex  lens  of  8  cm.  focal  length  :  what  is  the  length  of  the  image  ? 

9.  A  candle  is  placed  at  a  distance  of  10  ft.  from  a  wall,  and  it  is  found 
that  when  a  convex  lens  is  held  midway  between  the  candle  and  the  wall, 
a  distinct  image  is  produced  upon  the  latter.     Find  the  focal  length  of  the 
lens,  and  the  relative  sizes  of  the  object  and  image. 

10.  A  coin  half  an  inch  in  diameter  is  held  i  ft.  in  front  of  a  convergent  x 
lens  :  if  the  focal  length  of  the  lens  is  8  in. ,  find  the  position  and  magni- 
tude of  the  image. 

11.  Draw  figures,  approximately  to  scale,  showing  the  paths  of  the  rays 
of  light,  and  the  positions  of  the  images  formed  when  a  luminous  object  is 
placed  at  a  distance  of  (i)   i  inch,  (2)  6  inches  from  a  convergent  lens  of 
2  in.  focal  length. 

12.  An  object  is  placed  8  in.  from  a  convex  lens,  and  its  image  is  formed 
24  in.  from  the  lens  on  the  other  side.      If  the  object  were  placed  4  in.  from 
the  lens,  where  would  the  image  be? 

13.  The  distance  of  an  object  from  a  convergent  lens  is  double  the    \ 
focal  length  of  the  lens  :  prove  that  the  image  and  object  are  of  the  same 
size. 


J 
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14.  A  candle  stands  at  a  distance  of  2  metres  from  a  wall,  and*  it  is 
found  that  when  a  lens  is  held  half  a  metre  from  the  candle  a  distinct 
image  is  produced  upon  the  wall :  find  the  focal  length  of  the  lens,  and 
also  state  the  relative  sizes  of  image  and  object. 

15.  A  lens  of  9  in.  focal  length  is  to  be  used  for  the  purpose  of  pro- 
ducing an  inverted  image  of  an  object  magnified  three  times  :  where  must 
each  be  situated  ? 

1 6.  A  convex  lens  is  held  5  ft.  from  a  wall  :  and  it  is  found  that  there 
is  one  position  in  which  an  object  can  be  held  so  that  a  real  image  of  it, 
magnified  five  times,  is  thrown  upon  the  wall.     Determine  this  position, 
and  also  the  focal  length  of  the  lens. 

-     17.   At  what  distance  from  a  convex  lens  must  an  object  be  placed  so 
that  the  image  may  be  half  the  size  of  the  object  ? 

1 8.  You  are  provided  with  a  convex  lens  of  18  in.  focal  length,  and  are 
required  to  place    an   object  in  such  a  position  that  its  image  will  be 
magnified  three  times  :  find  the  positions  which  will  give  (i)  a  real,  and  (2) 
a  virtual  image  of  the  required  size. 

19.  Draw  a  diagram  explaining  the  formation  of  an  image  of  a  given 
object  by  a  concave  lens.      Can  such  an  image  be  made  larger  than  the 
object  ?     Give  reasons  for  your  answer. 

20.  A  person  looks  at  an  object  through  a  concave  lens  of  i  foot  focal 
length,  the  object  being  5  feet  beyond  the  lens.     Draw  a  figure  showing 
the  paths  of  the  rays  by  which  he  sees  the  image  formed,  and  determine 
its  position. 

21.  Explain  with  the  help  of  a  diagram,  what  sort  of  an   image  is 
formed  by  a  concave  lens.      A  concave  lens  of  10  cm.   focal  length  is 
placed  50  cm.  from  an  object  2  cm.  high.     Calculate  the  size  of  the  image 
and  draw  a  diagram  of  the  rays  by  which  it  is  seen.     Is  it  real  or  virtual  ? 
Is  it  erect  or  inverted  ? 

22.  The  focal  length  of  a  concave  lens  is  25  cm.      Where  must  an 
object  be  placed  so  that  its  image  may  be  one-sixth  of  its  own  size  ? 

23.  A  short-sighted  person,  who  can  see  most  distinctly  at  a  distance 
of  6  inches  from  his  eye,  wishes  to  see  an  object  5  feet  off.     What  sort  of 
a  lens  should  he  use,  and  what  must  be  its  focal  length  ?     Illustrate  your 
answer  with  a  figure. 


CHAPTER  VIII 


OPTICAL  INSTRUMENTS 

229.  The  Optical  Lantern. — In  its  best-known  form — 
the  'magic-lantern' — this  instrument  is  mostly  used  for  pro- 
jecting upon  a  screen  images  of  pictures  photographed  or 
painted  upon  glass.  These  are  called  '  slides.'  The  slide,  held 
in  a  suitable  slide-holder  (j,  Fig.  182)  is  placed  just  in  front 
of  the  condensing  lenses  cc,  which  are  so  called  because  they 
condense  upon  it  the  light  emitted  by  the  source  /.  The  slide 


Fig.  182. — Optical  Lantern  as  used  for  Projection. 

thus  forms  a  brightly-illuminated  object,  in  front  of  which  is 
placed  the  '  objective '  or  projecting  lens.  This  is  generally  a 
compound  lens,  but  we  may  regard  it  as  a  simple  lens  of 
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which  the  optical  centre  is  at  o.  The  objective  produces  a 
real,  inverted,  and  magnified  image  of  the  slide.  This  image 
is  focussed  on  the  screen  by  sliding  the  lens-holder  h  backwards 
or  forwards  :  a  finer  adjustment  can  be  made  by  the  focussing- 
screw/ 

If  the  image  on  the  screen  is  to  appear  right-side  up,  the 
slide  must  clearly  be  put  in  upside  down. 

In  the  ordinary  *  magic-lantern '  the  condenser  is  close  up 
against  the  objective  and  can  only  be  moved  away  from  it 


through  a  short  distance  so  as  to  allow  for  focussing.  In  the 
space  between  them  the  slide  is  placed.  In  the  optical  lantern 
shown  in  Fig.  182  the  objective  can  be  moved  a  considerable 
distance  (a  foot  or  more)  away  from  the  condenser.  This 
makes  it  possible  to  introduce  between  the  condenser  and 
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objective  not  only  slides  but  galvanometers,  electroscopes, 
glass  cells  containing  living  animals,  etc.,  and  to  throw  images 
of  them  upon  the  screen.  Such  lanterns  are  most  useful  for 
purposes  of  demonstration  and  experiment. 

In  Fig.  183  is  shown  a  double  or  'biunial'  optical  lantern 
of  which  the  upper  half  can  be  tilted  up  for  vertical  projection. 

23O.  A  Photographic  Camera  or  camera  obscura  consists 
of  a  small  dark  chamber,  the  body  of  which  is  generally  made 
of  folded  leather  or  cloth,  after  the  manner  of  a  bellows,  so  that 
it  can  be  shortened  or  lengthened  at  will.  The  front  consists 
of  a  wooden  board  in  which  is  mounted  a  lens.  This  throws 
an  image  of  external  objects  upon  a  sheet  of  ground-glass  let 
into  the  back  of  the  camera.  When  the  photographer  is  about 
to  take  a  portrait  or  view  he  focusses  this  image  sharply  upon 
the  ground-glass  screen  by  moving  either  the  back  of  the 
camera  or  the  lens  front.  The  screen  is  then  replaced  by  a 
sensitised  plate,  which  is  usually  a  plate  of  glass  coated  with  a 
film  of  gelatine  containing  finely-divided  salts  of  silver. 


Fig.  184. — Photographic  Camera. 

In  Fig.  184  is  shown  a  modern  photographic  camera  with 
the  ground-glass  screen  thrown  forward  on  its  hinges  so  as  to 
admit  the  '  dark  slide '  which  contains  the  sensitised  plate. 
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231.  The  Bye. — From  an  optical  point  of  view  the  human 
eye  may  be  regarded  as  a  camera  obscura  in  which  the  glass 
screen  or  sensitive  plate  is  replaced  by  a  sensitive  membrane 

(rrr,  in  the  accompany- 
ing diagram)  called  the 
retina.  It  contains  a 
double  -  convex  lens  — 
the  crystalline  /ens,  o — 
which  divides  the  eye 
into  two  chambers.  The 
posterior  chamber  is 
filled  with  a  jelly-like 
substance  called  the 
Fig.  185.  vitreous  humour  (yv). 

The    anterior  chamber 

is  filled  with  a  watery  liquid  called  the  aqueous  humour  (a)  : 
this  is  bounded  in  front  by  the  cornea  (cc\  a  tough  transparent 
membrane  shaped  like  a  very  convex  watch-glass. 


Cm. 


Wot 


Fig.  186. — Section  of  Human  Eye. 

Partly  by  refractions  through  these  humours,   but  mainly 
by  the  action  of  the  crystalline  lens  itself,  images  of  external 
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objects  are  formed  upon  the  retina.  For  further  explanation 
of  the  way  in  which  the  nerves  are  affected  and  the  sensation  of 
vision  produced,  the  reader  is  referred  to  books  on  Physiology. 
Fig.  1 86  gives  a  more  accurate  representation  of  a  hori- 
zontal section  of  the  human  eye.  Cry  indicates  the  crystalline 
lens  ;  Vt  the  vitreous  humour ;  Aq  the  aqueous  humour ;  Rt 
the  retina  ;  and  Op  tne  optic  nerve. 

232.  Instruments  for  Magnifying. — In  Art.  223  we 
saw  how  a  magnified  virtual  image  of  an  object  could  be 
produced  by  means  of  a  convex  lens  placed  at  a  distance  from 
the  object  less  than  its  focal  length. 

When  greater  magnifying  powers  are  required  the  following 
method  is  used  : — Let  AB  (Fig.  187)  be  the  object  and  O  a 


Fig.  187. 

convex  lens  which  produces  a  real  image  of  it  at  ab.  This 
image  can  not  only  be  thrown  on  a  screen  or  viewed  directly 
by  an  eye  placed  behind  it,  but  it  can  also  be  observed  by 
means  of  a  second  convex  lens.  For  this  purpose  the  lens  must 
be  placed  at  a  distance  from  ab  less  than  its  focal  length.  An 
observer  looking  through  the  second  lens  sees  at  A'B'  a 
magnified  virtual  image  of  ab.  Instead  of  examining  the  object 
itself  with  a  magnifying-glass  he  applies  the  magnifier  to  an 
image  of  the  object. 

This  principle  is  employed  in  the  construction  of  compound 
microscopes  and  astronomical  (refracting)  telescopes.  The 
image  seen  is  evidently  inverted,  but  in  the  instruments  named 
this  causes  no  great  inconvenience. 

EXPT.  1 1 7. — Select  two  convex  lenses  for  carrying  out  the 
method  above  described.  Use  as  your  object  a  pair  of  cross- 
wires,  or  a  piece  of  ground-glass  on  which  a  small  arrow  has 
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been  drawn  with  a  fine  hard  pencil.      Illuminate  the  object 
brightly  by  a  gas-flame. 

The  lenses  are  most  easily  adjusted  as  follows  : — Focus  on 
a  second  ground-glass  screen  the  real  image  produced  by  the 
first  lens.  Mark  its  position  with  a  pencil  on  the  glass. 
Focus  the  second  lens  on  this  mark  by  moving  it  backwards 
or  forwards  until  a  magnified  virtual  image  of  the  mark  is  seen 
on  looking  through  the  lens.  Now  remove  the  glass  and  you 
will  see  a  magnified  and  inverted  image  of  the  object. 

If  you  hit  upon  a  pair  of  spare  lenses  suitable  for  the  above 
it  will  be  worth  while  to  mount  them  per- 
manently in  position — object  and  all.  The 
lenses  need  not  be  enclosed  in  a  tube  as 
in  an  ordinary  telescope  or  microscope. 
They  can  be  mounted  in  rough  cork  mounts 
and  fixed  with  sealing-wax  on  a  long  slip 
of  wood  after  you  have  found  by  experi- 
ment the  proper  positions. 

233.  Astronomical   Telescope.— 
This  consists  essentially  of  two  lenses  : 
(i)    a   large    lens    of   considerable   focal 
length   called  the  object-glass^  and   (2)  a 
smaller  lens  (or  system  of  lenses)  of  short 
focal   length  called  the  eye-piece.      When 
the  telescope  is  directed  towards  a  star, 
a  real,  diminished)  and  inverted  image  of 
the  star  is  formed  at  the   focus  of  the 
object-glass.       This    image    is    observed 
through  the  eye -piece,  just  as  if  it  were 
an  actual  object,  and  thus  a  second  and 
magnified  image  is  obtained. 

234.  The  Compound  Microscope 
differs    from   the    telescope    in    having    a 
small  object-glass  of  short  focal   length. 

By  p'acin« this  at  a  suitable  distan<;e 

from  the  object  a  magnified  real  image  is  . 
obtained.       The   path   of  the  rays  within   the  microscope  is 
shown  in   Fig.  188.     The  object-glass  O  produces  at  ab'  a 
real  image  of  the  object  ab.     This  image,  already  magnified, 
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is  viewed  through  the  eye-piece  O'  and    - 
thus  the  observer  sees  at  AB  a  virtual 
and  greatly  magnified  image. 

235.  Galileo's  Telescope- 
Opera  Glass. — In  the  earliest  form 
of  telescope,  invented  by  Galileo,  the 
object-glass  consists  as  usual  of  a  con- 
vex lens,  but  the  eye-piece  is  a  concave 
lens.  The  way  in  which  the  lenses  act 
will  be  understood  from  Fig.  1 89.  The 
object-glass  C  alone  would  form  at  ad 
a  real,  inverted  image  of  the  object  AB. 
But  when  the  concave  lens  c  is  inter- 
posed, each  convergent  pencil  is  con- 
verted into  a  divergent  pencil.  Thus, 
the  rays  which  would  otherwise  con- 
verge to  the  point  a  are  made,  by  pass- 
ing through  the  concave  lens,  to  diverge 
from  a  virtual  focus  at  A'  (A'  being  on 
the  secondary  axis  ac).  Thus  the 
observer  sees  at  A'B'  a  virtual  image 
of  the  distant  object  AB. 

An  ordinary  opera-glass  is  simply  a 
double  -  barrelled  Galilean  telescope. 
This  form  of  telescope  has  the  advan- 
tage of  producing  an  erect  image. 

EXPT.  1 1 8. — Start  as  in  Expt.  117; 
but  instead  of  using  a  second  convex 
lens  take  a  concave  one.  Interpose  it 
between  the  first  (convex)  lens  and  the 
image  on  the  screen.  Look  through 
the  concave  lens  and  adjust  its  position 
until  you  see  distinctly  a  virtual,  erect 
image  of  the  arrow. 

If  you  can  spare  a  pair  of  lenses  for 
the  purpose  mount  them  as  indicated  in 
Expt.  1 1 7  so  as  to  form  a  model  of  a  Fi 
Galilean  telescope. 


pa- 


.  189.  —  Path  of  Rays  in 
Galileo's  Telescope  or  Opera- 
Glass. 


CHAPTER   IX 
DISPERSION  AND  COLOUR 

236.  In  experimenting  with  prisms,  and  in  examining  the 
images  produced  by  lenses,  you  have  doubtless  already  noticed 
the  appearance  of  certain   coloured  edges.     These  are  seen 
even  when  the  object  itself  is  not  coloured  :  indeed  they  are 
most  distinct  when  the  object  is  white  or  when  it  consists  of 
a  hole  or  slit  illuminated  by  white  light.     White  light  in  fact  is 
not  simple  but  compound ;  and  by  refraction  it  is  split  up  into 
its  component  parts.     The  composite  nature  of  white  light  was 
discovered  by  Newton. 

237.  Newton's  Experiment. — Newton  allowed  a  beam 
of  sunlight  to  stream  through  a  small  round  hole  in  the  window- 
shutter  of  a  darkened  room.      In  the  path  of  the  beam  he 
placed  a  glass  prism  so  as  to  refract  the  light  upwards  towards 
the  opposite  wall.      But  instead  of  seeing  on  the  wall  a  round 

or  oval  image  of  the 
sun  he  found  that  by 
passing  through  the 
prism  the  light  was 
drawn  out  into  a 
coloured  band  of 
considerable  length, 
violet  at  the  top  and 

Fi    x  red    at    the    bottom 

(Fig.  190).     This  he 

called  the  spectrum.      The  colours  of  the  spectrum  follow  the 
same  order  as   the   tints  of  the   rainbow ;    they  pass   imper- 
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ceptibly  from  red  at  the  one  end  through  all  the  gradations  of 
orange,  yellow,  green,  and  blue,  to  violet  at  the  other  end. 

238.  We  learn  from  this  experiment : — 

(1)  That  white  light  is  not  simple  but  compound  :  it  is  the 
result  of  a  mixture  of  many  colours. 

(2)  That  these  colours  can  be  separated  by  passing  the  light 
through  a  prism. 

(3)  That  various  colours  have  various  degrees  of  refrangi- 
bility ;  violet  being  the  most  refrangible  and  red  the  least. 

239.  Dispersion. — Our  second  law  of  refraction  (as  stated 
on  p.  244)  is  only  correct  so  long  as  we  keep  to  light  of  one 
colour,  say  yellow  light.     On  entering  a  refracting  medium  a 
violet  ray  is  bent  more  than  a  yellow  ray,  and  therefore  the 
index  of  refraction  for  violet  light  is  somewhat  greater  than  the 
index  for  yellow  light ;  for  red  light  it  is  less  than  for  either 
violet    or    yellow.      The   difference  between   the  amounts   of 
bending  produced   by   passing  through   a   prism   produces   a 
separation  or  dispersion  of  the  various  coloured  rays. 

240.  Newton  also  placed  a  second  prism  behind  the  first 
with  its  edge  in  the  same  direction,  so  as  to  cause  a  further 

I 


Fig.  191. — Recomposition  of  White  Light. 

refraction.  He  found  that  no  new  colour  was  introduced  ;  the 
second  prism  simply  increased  the  amount  of  deviation  or 
lengthened  the  spectrum. 


302  LIGHT 


He  then  turned  the  second  prism  round,  placing  its  edge 
towards  the  base  of  the  first  prism,  so  that  the  refractions  due 
to  the  two  prisms  were  in  opposite  directions  (as  in  Fig.  191). 
He  now  found  that  there  was  thrown  upon  the  wall  a  white 
image  of  the  sun  (slightly  displaced,  as  it  would  be  by  passing 
through  a  thick  plate  of  glass).  We  learn  from  this  that  the 
various  spectral  colours  mixed  in  the  proper  proportions  can 
be  made  to  recombim  and  form  white  light.  Other  methods 
of  performing  this  recomposition  are  given  in  Expts.  122  and 
123  (pp.  307,  308). 

241.  A  Narrow  Slit  necessary.  —  In  Newton's  experi- 
ments the  light  was  admitted  through  a  round  hole.      Now, 
if  you  imagine  such  a  hole  to  be  divided  up  into  narrow  strips, 
in  a  direction  parallel  to  the  edge  of  the  prism,  you  will  easily 
see  that  each  strip  of  light  would  produce  a  spectrum  of  its  own  : 
these  successive  spectra  would  overlap  each  other,  so  that  the 
colour  in  each  part  of  the  resultant  spectrum  would  be  mixed 
up  with  some  of  the  colours  lying  on  each  side  of  it.      For  this 
reason  the  colours  in  Newton's  spectrum  were  not  pure.     The 
first  requisite  for  the  production  of  a  pure  spectrum  is  that  the 
light  should  come  through  a  narrow  slit  parallel  to  the  edge  of 
the  prism.      In  Art.  243  it  will  be  shown  that  certain  other 
adjustments  are  necessary  for  projecting  a  pure  spectrum  on  a 
screen.      For  the  present  we  shall  assume  that  the  spectrum  is 
observed  directly  by  looking  through  a  prism  at  a  narrow  slit 
or  narrow  strip  of  white  paper  pasted  on  a  black  background. 

242.  Colour  due  to  Absorption. — Now  let  a  piece  of 
coloured  glass,  say  red  glass,  be  placed  in  front  of  the  slit. 
The  more  refrangible  part  of  the  spectrum  (violet,  blue,  etc.)  is 
cut  off :  only  the  red  and  orange  get  through  (and  even  these  are 
weakened).      By  interposing  the  red  glass  we  do  not  introduce 
into  the  spectrum  any  colour  which  did  not  exist  in  it  before  : 
hence  we  conclude  that  the  glass  appears  red  not  because  it 
introduces  any  fresh  colour  into  the  light  which   is  transmitted 
through  it,  but  because  it  stops  or  absorbs  certain  other  colours. 

A  similar  explanation  holds  good  for  the  colours  exhibited 
by  bodies  when  they  are  viewed,  as  is  more  usual,  by  the  light 
which  they  reflect.  For,  in  general,  the  reflection  does  not 
take  place  wholly  from  the  surface  of  the  body :  some  of  the 
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light  penetrates  a  little  distance  below  the  surface,  and,  in  so 
doing,  its  colour  may  be  modified  by  the  suppression  of  other 
colours.  A  rose  appears  red  because  it  reflects  mainly  red 
light  and  absorbs  the  more  refrangible  end  of  the  spectrum  ;  and 
its  leaves  appear  green  because  they  contain  a  green  colouring- 
matter  (chlorophyll)  which  possesses  the  property  of  absorbing 
red  light.  A  lily  appears  white  because  it  reflects  and  absorbs 
equally  all  the  component  colours  of  the  sunlight.  Viewed  in 
red  light  it  would  simply  appear  red  ;  and  in  blue  light,  blue. 

243.  Production  of  a  pure  Spectrum. — We  have 
already  seen  in  Art.  241  that  a  narrow  slit  is  required  for  the 
production  of  a  pure  spectrum.  In  order  that  the  spectrum 
may  be  sharp  and  distinct  it  is  also  necessary  to  place  the 


Fig.  192. — Impure  Spectrum  formed  by  Prism. 

prism  in  the  position  of  minimum  deviation  (Art.  202),  for 
this  is  the  position  in  which  the  best  definition  is  secured. 
This  is  all  that  is  necessary  when  the  spectrum  is  observed  by 
looking  directly  through  the  prism.  But  if  the  spectrum  is  to 
be  thrown  upon  a  screen  something  further  is  required. 
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For  let  S  (Fig.  192)  be  the  slit.  Through  this  there 
streams  a  wedge-shaped  beam  of  light  which,  before  the  prism 
is  interposed,  throws  upon  the  screen  a  patch  of  white  light  //'. 
When  the  prism  is  interposed,  the  beam  of  light  suffers 
refraction  and  dispersion.  If  it  consisted  altogether  of  red 
light,  there  would  be  seen  upon  the  screen  a  red  patch  of 
light  at  rr' ;  and  if  it  consisted  of  violet  light  there  would  be 
a  violet  patch  at  vv' .  All  the  red  light,  after  passing  through 
the  prism,  would  appear  to  diverge  from  a  virtual  focus  at  R, 
and  all  the  violet  light  from  a  virtual  focus  at  V.  An  observer 
looking  through  the  prism  in  this  direction  would  see  at  RV 
a  virtual  spectrum  of  the  white  light  proceeding  from  S. 

But  upon  the  screen  itself  the  spectrum  is  confused  and 
impure,  because  the  various  coloured  patches  overlap  each 


Fig.  193. — Pure  Spectrum  formed  by  Lens  and  Prism. 

other.  This  overlapping  would  be  prevented  if  we  could 
convert  each  patch  into  a  narrow  strip,  and  this  we  can  do  by 
interposing  a  convex  lens  as  shown  at  L  (Fig.  193).  The 
lens  converts  the  divergent  beam  into  a  convergent  beam,  and, 
if  the  prism  were  absent,  would  produce  at  S'  a  real  image  of 
the  slit.  If  the  light  were  all  red,  the  lens  and  prism  would 
together  produce  on  the  screen  a  real  image  of  the  slit  at  R ; 
and  if  it  were  violet  they  would  produce  a  real  image  at  V. 
Thus,  with  white  light,  we  obtain  upon  the  screen  a  series  of 
sharply-defined  coloured  images  of  the  slit  arranged  side  by 
side  and  forming  a  pure  spectrum. 
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We  may  therefore  state  as  follows  the  three  conditions 
requisite  for  the  production  of  a  pure  spectrum  : — 

(1)  The  slit  must  be  narrow! 

(2)  A  real  image  of  the  slit  must  be  formed  by  a  convex 
lens. 

(3)  The  prism  must  be  placed  in  the  position  of  minimum 
deviation. 

244.  Experiments  with  the  Spectrum.  —  For  pro- 
jecting a  spectrum  on  a  screen  it  is  best  to  make  use  of  an 
optical  lantern  (Art.  229)  furnished  with  the  lime-light.  All 
stray  light  should  be  excluded  from  the  room.  The  nozzle  of 
the  lantern  is  to  be  covered  with  a  blackened  cap,  as  in  Expt. 
89,  but  in  this  case  the  slit  (about  3  millimetres  wide)  is  to 
be  vertical.  A  fairly  large  lens,  of  about  25  cm.  focal  length, 
should  be  used  instead  of  the  lantern  objective.  (The  con- 
densing lenses  may  also  be  removed  from  the  lantern,  although 
it  is  not  necessary  to  do  this  if  there  is  any  difficulty  in 
removing  them.  They  are  not  required  in  spectrum  work, 
especially  when  the  slit  is  placed  close  in  front  of  them :  if 
the  slit  is  placed  further  off  the  condensers  may  of  course  be 
used  to  converge  the  light  upon  it.)  The  most  suitable 
prisms  are  hollow  glass  prisms  filled  with  carbon  bisulphide 
[CS2]  ;  this  substance  has  a  higher  dispersive  power  than 
glass,  and  therefore  gives  a  longer  spectrum  than  a  solid  glass 
prism  does.  The  spectrum  should  be  received  on  a  screen 
somewhat  larger  than  itself  (say  70  cm.  long  and  50  cm.  high) 
and  made  of  thick  white  paper  stretched  on  a  wooden  frame. 

EXPT.  119. — In  the  path  of  the  lantern  beam,  and  about 
2  metres  from  the  slit,  fix  a  small  screen.  On  this,  by  means 
of  the  lens,  focus  a  real  and  enlarged  image  of  the  slit  (as  at 
S',  Fig.  193)  :  if  the  lens  has  the  focal  length  above  stated  it 
will  have  to  be  put  about  30  cm.  from  the  slit.  Behind  the 
lens  place  the  prism.  Place  the  large  screen  in  a  suitable 
position  for  receiving  the  spectrum,  as  at  RV,  Fig.  193,  and 
let  its  distance  from  the  prism  be  equal  to  the  measured 
distance  of  S'  from  the  prism.  Adjust  the  prism  so  that  the 
deviation  is  a  minimum.  This  can  be  done  by  trial — twisting 
the  prism  slightly  in  one  direction  or  the  other  until  the  red 
end  R  of  the  spectrum  on  the  screen  is  as  near  as  possible  to 
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S'.  You  now  have  upon  the  screen  a  pure  and  bright 
spectrum  of  the  light  radiated  by  the  hot  lime.  With  a  60° 
bisulphide  prism,  and  adjustments  made  as  above,  the  spec- 
trum will  be  about  40  cm.  long. 

The  spectrum  is  a  continuous  one  like  Newton's  impure 
spectrum  of  sun-light. 

EXPT.  1 20. — Hold  various  coloured  glasses  in  front  of  the 
slit.  Observe  that  they  do  not  owe  their  colour  to  the 
introduction  of  anything  into  the  spectrum  that  did  not  pre- 
viously exist  there.  It  is  not  a  case  of  addition,  but  of 
subtraction  or  suppression.  Note  what  parts  of  the  spectrum 
are  transmitted  by  each  glass  and  what  parts  are  stopped  or 
absorbed. 

Notice  especially  that  scarcely  any  of  the  transmitted 
colours  are  pure.  Red  glass  lets  through  a  fairly  pure  red 
mixed  with  some  orange :  but  blue  (cobalt)  glass  not  only  lets 
through  the  blue  and  violet  end  of  the  spectrum  but  also  a 
considerable  amount  of  red. 

Examine  in  the  same  way  coloured  solutions  contained  in 
flat  glass  cells.  A  strong  solution  of  potassium  bichromate 
cuts  off  all  the  more  refrangible  end  of  the  spectrum,  letting 
through  only  red,  orange,  and  yellow.  An  ammoniacal 
solution  of  copper  sulphate  lets  through  the  green,  blue,  and 
violet  only.  Thus  the  absorptions  of  these  solutions  are 
complementary,  and  if  they  are  both  placed  together  in  front 
of  the  slit  they  stop  all  the  light. 

The  spectra  you  have  just  been  examining  are  called 
absorption  spectra.  The  absorption  spectra  of  some  coloured 
liquids  and  gases  exhibit  characteristic  and  well-defined  dark 
bands  by  the  appearance  of  which  they  can  be  easily  recog- 
nised. We  have  here  an  indication  of  a  method  of  analysis — 
*  spectrum  analysis ' — which  enables  us  to  detect  the  presence 
of  a  substance  by  examining  with  a  prism  the  light  which  has 
passed  through  it. 

EXPT.  121. — Pass  a  white  ribbon  or  strip  of  white  paper 
through  the  spectrum.  It  appears  red  in  the  red  end,  violet 
in  the  violet,  yellow  in  the  centre.  Its  apparent  colour  is 
simply  that  which  it  reflects  to  the  eye  and  the  characteristic 
property  of  a  white  surface  is  that  it  reflects  all  colours  equally. 
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Pass  a  strip  of  dull  black  paper  or  a  black  ribbon  through 
the  spectrum.  It  absorbs  all  the  light  that  falls  on  it :  in 
every  part  of  the  spectrum  it  appears  black. 

Now  pass  a  blue  ribbon  through  the  spectrum.  In  the 
more  refrangible  part,  especially  the  blue,  it  appears  of  its 
ordinary  colour.  In  the  red  end  it  appears  black  ;  it  absorbs 
all  the  light  that  falls  upon  it  and  reflects  none  to  the  eye. 
A  bright  red  ribbon  shows  the  effect  even  more  distinctly  : 
placed  in  the  orange  of  the  spectrum,  one  edge  of  the  ribbon 
appears  red  and  the  other  edge  (in  the  yellow)  appears  black. 
Thus  the  colour  of  a  body  depends  not  only  upon  the  nature 
of  the  body  itself  but  also  upon  the  nature  of  the  light  which 
falls  upon  it. 

EXPT.  122. — If  you  have  another  prism  of  the  same  kind 
you  can  repeat  Newton's  experiment  on  the  recomposition  of 
white  light  by  placing  the  second  prism  close  behind  the  first 
and  edge  to  base.  You  will  thus  get  again  a  white  image  of 
the  slit  on  the  small  screen  at  S'  (Fig.  193). 

Instead  of  a  prism  you  may  use  a  lens  for  recombining  the 
colours.  The  best  kind  of  lens  for  this  purpose  is  a  cylindrical 
lens  ;  but  it  is  not  necessary  to  get  one  of  glass,  for  a  large 
beaker  (or  a  confectioner's  jar)  filled  with  water  answers 
perfectly. 

245.  The  effect  of  mixing  colours  can  also  be  studied  by 
a  method  which  depends  upon  the  persistence  of  impressions 
on  the  retina  of  the  eye.  A  simple  illustration  must  serve  to 
explain  what  this  means.  If  you  char  the  end  of  a  stick  in  a 
fire  and  then  whirl  it  round  rapidly  in  a  darkened  room,  you 
apparently  see  a  circle  of  red  light.  The  effect  produced 
upon  the  eye  by  any  bright  object  does  not  cease  at  once 
when  the  object  is  removed  or  shifted,  but  lasts  (or  persists) 
for  a  short  time  after.  When  the  stick  moves  slowly  you  are 
able  to  follow  the  motion  of  its  glowing  end :  but,  as  the 
motion  becomes  more  rapid  the  effect  produced  is  that  of  a 
continuous  band  of  light.  So  when  lights  of  various  colours 
enter  the  eye  in  rapid  succession,  the  colours  blend  together 
and  the  resultant  effect  is  that  which  would  be  produced  if  all 
the  coloured  lights  affected  the  eye  simultaneously. 

EXPT.  123. — The   recomposition  of  white   light   from    the 
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various  spectral  colours  can  be  shown  by  Newton's  disc. 
This  consists  of  a  'circular  disc  of  cardboard  divided  up  into 
coloured  sectors.  The  tints  and  sizes  of  the  se.ctors  should  be 
chosen  so  as  to  correspond  as  nearly  as  possible  to  the  tints 
and  breadths  of  the  various  colours  in  the  spectrum.  If  such 


Fig.  194. — Recomposition  of  White  Light. 

a  disc  is  attached  to  a  whirling-table  (Fig.  194)  or  a  humming- 
top,  and  made  to  rotate  rapidly  in  a  good  light,  it  appears  of 
a  uniform  whitish-grey. 

Now  proceed  to  study  the  effect  of  mixing  colours  in  pairs, 
or  three  together.  Procure  a  number  of  card-board  discs  painted 
or  pasted  over  with  paper  of  the  required  colours.  Slit  each 
disc  along  a  radius :  this  will  enable  you  to  slip  one  disc 
partly  over  and  partly  under  another  in  such  a  way  as  to 
expose  the  two  colours  in  any  desired  proportion.  Measure 
with  a  protractor  the  angular  sizes  of  the  exposed  sectors  of 
each  colour. 

Try  this  with  yellow  and  blue  discs.  You  will  find  that 
when  the  proportions  of  the  two  colours  are  in  about  the  ratio 
of  140  to  220  you  get  a  near  approximation  to  white  light. 
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Thus  it  appears  that  white  light  can  be  produced  by  com- 
bining yellow  and  blue  in  suitable  proportions  (depending  on 
the  precise  tints  employed).  How  does  this  accord  with  the 
common  statement  that  yellow  and  blue  together  produce 
green  ? 

The  explanation  lies  in  the  difference  between  the  process 
of  mixing  impure  coloured  pigments  and  that  of  combining 
pure  coloured  lights.  A  yellow  pigment  is  one  which  in  the 
main  reflects  yellow  to  the  eye  and  absorbs  other  colours 
(e.g.  blue).  A  blue  pigment  is  one  which  in  the  main  reflects 
blue  to  the  eye  and  absorbs  other  colours  (e.g.  yellow).  But 
few  pigments  are  even  approximately  pure  in  colour :  the 
yellow  reflects  a  little  green  and  so  also  does  the  blue.  The 
optical  effect  of  mixing  the  two  is  rather  one  of  subtraction 
than  of  addition.  The  yellow  absorbs  the  blue  light  and  the 
blue  absorbs  the  yellow  light :  what  reaches  the  eye  is  the 
impurity — the  particular  shade  of  green — which  is  common  to 
both. 


EXAMPLES  ON  CHAPTER  IX 

1.  Describe  an  experiment  proving  that  white  light  is  compound.     How 
can  it  be  shown  that  the  constituents  into  which  it  is  resolved  are  not  like- 
wise compound  ? 

2.  Explain  clearly  why  a  narrow  slit,  a  prism,  and  at  least  one  lens 
are  required  in  order  to  form  a  pure  spectrum  on  a  screen. 

3.  One  piece  of  glass  appears  dark  red,  and  another  appears  dark  green, 
when  held  up  to  the  light  ;  explain  why,  when  they  are  both  put  together, 
no  light  can  be  seen  through  them. 

4.  When  white  light  passes  through  a  red  liquid  and  goes  out  red,  has 
it  acquired  its  colour  from  the  liquid  ?     If  not,  explain  precisely  what  has 
happened,  and  show  how  to  prove  your  assertions  experimentally. 

5.  A  spectrum  of  the  light  from  a  slit  is  formed  by  a  prism  in  a  position 
of  minimum  deviation,  the  distances  between  the  slit  and  prism,  and  prism 
and  screen,  being  each  4  feet.     A  convex  lens  of  2  feet  focal  length  is 
then  introduced  close  up  to  the  prism.      How  is  the  spectrum  altered? 
Draw  figures  to  illustrate  the  two  cases,  showing  in  each  the  path  of  the 
light. 

6.  A  ribbon  purchased  by  gaslight  appeared  to  match  the  dress  with 
which  it  was  to  be  worn.      Next  morning  the  match  appeared  to  be  very 
imperfect.      Explain  this. 


ANSWERS  TO  EXAMPLES 

CHAPTER  I  (p.  184) 
3.  45  ft.     6.   Umbra  2  in.  ;  Penumbra  4  in. 

CHAPTER  II  (p,  195) 

2.  3  ft.      5.  As  4  is  to  9.     6.  As  9  is  to  4.     7.   10-24 
candle-power.     8.   As  361  :  576  or  as  i  :  1-6.      9.  As  5  is  to  2. 
1O.   4-41  candle-power.      11.   (i)  i  yard  from  the  candle,  be- 
tween this  and  the  lamp  ;  (2)  2  yards  on  the  other  side  of  the' 
candle. 

CHAPTER  V  (p.  239) 

3.  The  image  would  be  formed  i   ft.  4  in.  in  front  of  the 
mirror.      4.    6  in.  behind  the  mirror.      5.  f=  +30  cm. :  the 
mirror  is  concave.     7.  The  image  is  7  ft.  6  in.  in  front  of  the 
mirror  and   is    5  in.  long.      8.  /=  +  1 2    cm. :   the  mirror  is 
concave.     9.  The  image  is  3  ft.  from  the  mirror  and  3  in.  long. 

10.  The  image  is  10  in.  in  front  of  the  mirror  and  2§  in.  high. 

11.  /=  +  8  in.     13.  p=  +  1 8  in. ;  p' =.  +  36  in.     The  image 
would  be  one-half  the  size  of  the  object.     14.   Real,  20  cm.  in 
front  of  the  mi/ror,  and  4  cm.  long.     15.  The  image  is  0-26 
cm.  in  length   and   is   real.      18.   30  in.  behind   the  mirror; 
magnification  =  6.      19.    The  image  moves  through  3-7  in.; 
i.e.  from  24  in.  behind  the  mirror  to  20.3  in.  behind  it.     21. 
(i).  The  image  is  virtual  and  erect,  4  in.  behind  the  mirror, 
2  in.  long  ;  (2)  image  is  8   in.  behind  the  mirror,  i    in.  long. 
22.   The  image  is  7-5  cm.  behind  the  mirror  and  3  cm.  long. 
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CHAPTER  VII  (p.  267) 

1.  Convex :  f=  -  3  in.  2.  36  cm.  behind  the  lens.  3.  They 
converge  to  a  point  5  cm.  from  the  lens  and  on  the  other  side. 
4.  3  ft.  from  the  lens  on  the  other  side.  6.  The  image  is  real, 
6  in.  long  and  6|^  in.  from  the  lens.  7.  p'  —  —  20  cm.  The 
image  is  one-third  the  size  of  the  object.  8.  i  o  cm.  9.  2  ft. 
6  in.  :  equal  in  size.  1O.  p'  —  —  2  ft.  :  diameter  of  image  = 
i  in.  12.  i  ft.  from  the  lens  and  on  the  same  side  as  the 
object.  14.  /=  -37-5  cm.;  as  3  to  i.  15.  The  object 
must  be  i  ft.  from  the  lens  and  the  image  3  ft.  (on  the 
opposite  side).  16.  p^=  +  12  in.  ;  /=  -  10  in.  17.  The 
object  must  be  placed  at  a  distance  from  the  lens  equal  to 
three  times  its  focal  length.  (Observe  that  there  is  only  one 
solution  to  this  problem,  viz.  that  corresponding  to  a  real 
image  ;  for  there  could  not  be  a  virtual  image  one-half  the 
size  of  the  object.)  18.  (i)  p  =  2  ft.  ;  (2)  p=  i  ft.  2O.  /  = 
+  10  in.  21.  The  image  is  virtual,  erect,  and  i|  cm.  high. 
22.  ^=125  cm.  23.  The  lens  must  be  concave  and  of 
6§  in.  focal  length. 
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ABSOLUTE  conductivity,  135  ;    tempera- 
ture, 66 

Absorption  and  radiation,  162,  177 
Absorptive  power,  160 
Air-thermometer,  70 ;  advantages  of,  72 
Air-thermoscopes,  12 
Angle,  critical,  252,  257 
Apparent  expansion  of  liquids,  45 
Aqueous  vapour  in  atmosphere,  119 
Atmosphere :    pressure    of,    58 ;    water- 
vapour  in,  119 

BAROMETER,  59 

Boiling,  99,  108  ;  laws  of,  114 

Boiling-point,    100,    105;    influence    of 

pressure  on,  106,  108 
Boyle's  law,  62 
Breezes,  land  and  sea,  165 
Bre"guet's  thermometer,  37 
Bunsen  burner,  5,  6  ;  photometer,  192 

CALIBRATION  of  thermometer,  18 

Calorimetry,  78 

Camera,  photographic,  295 

Capacity,  thermal,  81 

Centigrade  scale,  19 

Charles's  law,  64 

Climate,  87 

Clouds,  167 

Coefficient  of  expansion,  26 

Colour,  302-309 

Compensation  of  clocks,  34  ;  of  watches, 

36 

Conduction  of  heat,  8,  130 
Conductivity,  relative  and  absolute,  135 
Conjugate  foci :   of  mirror,  218-220 ;   of 

lens,  272,  274 
Convection,  146 
Critical  angle,  252,  257 
Cryophorus,  115,  116 


DANIELL'S  hygrometer,  124 

Davy  lamp,  139 

Density,  39 

Deviation,  241  ;  angle  of,  265  ;  minimum, 

265 

Dew,  167  ;  dew-point,  124 
Diathermancy,  163 
Differential  thermometer,  69 
Dines's  hygrometer,  125 
Dispersion,  301 
Distillation,  107 
Dulong  and  Petit  (expansion  of  liquids), 

48 

EBULLITION,  99,  108  ;  laws  of,  114 

Eclipses,  182 

Emissive  power,  161 

Energy,  heat  a  form  of,  3;  radiant,  155, 
JS6 

Evaporation,  99;  cooling  effect  of,  115- 
117 

Expansion  by  heat,  10 ;  linear,  24 ; 
coefficient  of,  26 ;  measurement  of, 
27  ;  superficial  and  cubical,  38 ;  real 
and  apparent,  43 ;  of  water,  53 ;  of 
gases,  63-73  5  on  freezing,  95 

Expansion  joints,  34 

Eye,  296 


FAHRENHEIT  scale,  19 

Fizeau  (velocity  of  light),  198 

Focal  length:  of  mirror,  217;  of  lens, 
271 

Focus,  180 ;  principal,  216;  conjugate, 
218 

Force  exerted  in  expansion  and  con- 
traction, 32  ;  in  freezing,  96 

Freezing  mixtures,  94 

Fusion,  89  ;  latent  heat  of,  91 
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GALILEO'S  telescope,  299 

Gas  burners,  5 

Gases,  properties  of,  57,  58  ;  expansion 

of,  63-73 
Gulf  Stream,  153 

HEAT,  a  form  of  energy,  3 ;  sources  of, 

i  ;  specific,  78 ;  unit  of,  ib. 
Hope's  experiment,  54 
Humidity,  122 
Hygrometers,   Daniell's,    124 ;    Dines's, 

125  ;  wet  and  dry  bulb,  127 

ICE-CALORIMETERS,  93 

Illuminating  power,  185 

Images  produced  by  small  apertures, 
180;  by  plane  mirrors,  206 ;  by  spherical 
mirrors,  223,  227  ;  by  lenses,  276,  285, 
288 

Index  of  refraction,  244,  257 

Intensity  of  illumination,  185 

Inverse  squares,  law  of,  187 

LAND  and  sea  breezes,  165 

Lantern,  optical,  293 

Latent  heat :   of  water,  91 ;    of  steam, 

no 
Lateral    displacement,    261 ;    inversion, 

208 
Lavoisier  and  Laplace  :  ice-calorimeter, 

93 ;  expansion,  27-29 
Laws :    Boyle's,   62 ;    Charles's,  64 ;    of 

ebullition,    114;    of   inverse    squares, 

187 ;  of  reflection,  203  ;  of  refraction, 

244 

Lenses,  267 ;  convex,  275 ;  concave,  288 
Light,  175 ;  a  form  of  radiant  energy, 

156 ;    dispersion    of,   301 ;    rectilinear 

propagation  of,  178  ;  velocity  of,  197  ; 

reflection  of,  201  ;  refraction  of,  241 


MAGNIFICATION,  226,  279,  297 
Maximum  and  minimum  thermometers, 

20 

Maximum  density  of  water,  54 
Maximum  vapour-pressure,  102 
Measurement    of    boiling  -  point,     100 ; 
expansion  of  solids,  27  ;  of  liquids,  45, 
46  ;  of  gases,  73  \  focal  length  of  con- 
cave mirror,  230  ;  convex  mirror,  238  ; 
convex  lens,  283  ;  concave  lens,  288  ; 
humidity,  121-129  » illuminating  power, 
188  ;  latent  heat,  QI-I  1 1 ;  melting-point, 
90 ;    rainfall,    169 ;   specific  heat,   82 ; 
temperature,  14  ;  vapour-pressure,  101- 
no;  velocity  of  light,  197 
Melting-point,  89 
Metallic  thermometers,  37 
Microscope,  simple,  286  ;  compound,  298 
Minimum  deviation,  265 


Mirrors :     plane,    206 ;    spherical,    215  ; 

concave,  216  ;  convex,  235 
Mixtures,  method  of,  83 
Multiple  images,  209-213,  263 


NEWTON'S  disc,  308  ;  experiment,  300 


OPERA-GLASS,  299 

Optical  bench,  194  ;  centre  of  lens,  269  ; 
lantern,  293 

PARALLEL  beam  of  light,  272,  284 

Pendulum,  compensated,  34-36 

Penumbra,  182 

Photographic  camera,  295 

Photometry,  188 

Principal  axis  :  of  mirror,  216 ;  of  lens, 

268 
Principal  focus  :  of  mirror,  216  ;  of  lens, 

270 
Prisms,  264 


RADIANT  energy,  155-157 

Radiating  power,  161 

Rain,  168 

Real  expansion  of  liquids,  46-53 

Real  images  produced  by  mirrors,  223  ; 

by  lenses,  276 
Reflection  of  radiant  heat,  158  ;  of  light, 

201  ;  total,  251,  253,  257 
Refraction  of  light,  241 ;  laws  of,  244 ; 

through  prisms,  264 
Refractive  index,  244,  257 
Relative  sizes  of  image  and  object,  225 

278 

Romer  (velocity  of  light),  197 
Rules  for  optical  calculations,  221,  239, 

290 
Rumford's  photometer,  189 


SAFETY-LAMP,  139 

Saturated  vapour,  101,  103 

Shadows,  182 

Shadow  photometer,  189 

Sources  of  heat,  i,  2 

Specific  heat,  80  ;  methods  of  measuring, 

82-86  ;  by  fusion  of  ice,  93 
Spectrum,  300 ;  pure,  303 
Steam,  latent  heat  of,  no 


TELESCOPE,  298 

Temperature,  10,  77  ;  absolute,  66 

Thermal  capacity,  81 

Thermoscopes,  12 

Thermometers,  14 ;  air,  70 ;  differential, 
69  ;  metallic,  37  ;  maximum  and  mini- 
mum, 20 ;  weight,  35 

Total  reflection,  251,  253,  257 
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Trade  winds,  166 
Transmissive  power,  163 


UMBRA,  182 
Unit  of  heat,  78 
Unsaturated  vapour,  103 


VAPOUR-PRESSURE,  101 ;  maximum,  102 
Velocity  of  light,  197 


Ventilation,  151 

Virtual  images  produced  by  mirrors,  206, 
227,  236 ;  by  lenses,  285,  288 


WATER,     maximum    density     of,     53 ; 

specific    heat,    86,    87  ;    latent    heat, 

91 

Water- vapour  in  atmosphere,  119 
Weight  thermometer,  45 
Wind,  165-167 
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